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Whnt signaling maintains preadipocytes in an undifferentiated state. When Wnt signaling is enforced, 3T3-L1
preadipocytes no longer undergo adipocyte conversion in response to adipogenic medium. Here we used
microarray analyses to identify subsets of genes whose expression is aberrant when differentiation is blocked
through enforced Wnt signaling. Furthermore, we used the microarray data to identify potentially important
adipocyte genes and chose one of these, the liver X receptor a (LXRa), for further analyses. Our studies
indicate that enforced Wnt signaling blunts the changes in gene expression that correspond to mitotic clonal
expansion, suggesting that Wnt signaling inhibits adipogenesis in part through dysregulation of the cell cycle.
Experiments designed to uncover the potential role of LXRa in adipogenesis revealed that this transcription
factor, unlike CCAAT/enhancer binding protein o and peroxisome proliferator-activated receptor gamma, is
not adipogenic but rather inhibits adipogenesis if inappropriately expressed and activated. However, LXRa
has several important roles in adipocyte function. Our studies show that this nuclear receptor increases basal
glucose uptake and glycogen synthesis in 3T3-L1 adipocytes. In addition, LXR« increases cholesterol synthesis
and release of nonesterified fatty acids. Finally, treatment of mice with an LXRa« agonist results in increased
serum levels of glycerol and nonesterified fatty acids, consistent with increased lipolysis within adipose tissue.
These findings demonstrate new metabolic roles for LXRa and increase our understanding of adipogenesis.

Adipocytes play a central role in energy balance, both as a
reservoir, storing and releasing fuel, and as endocrine cells,
secreting factors that regulate whole-body energy metabolism
(49). Understanding this cell type is becoming increasingly
important because of the rising incidence of obesity and its
associated disorder, type II diabetes. One widely used model
for studying the adipocyte is the 3T3-L1 cell line, which was
derived from disaggregated mouse embryos and selected based
on the propensity of these cells to differentiate into adipocytes
in culture (14). Over the last 30 years, this cell line has proven
to be a faithful model for studying adipocyte biology, particu-
larly adipogenesis and energy metabolism.

Numerous studies with 3T3-L1 cells and other in vitro mod-
els have led to a paradigm of adipocyte differentiation. Prea-
dipocytes remain in an undifferentiated state due to autocrine
Wnt signaling, which blocks adipogenic conversion (29, 44).
The program of adipogenesis begins upon treatment of con-
fluent preadipocytes with adipogenic medium containing
methylisobutylxanthine, dexamethasone, insulin, and fetal calf
serum (MDI). This treatment initiates differentiation by induc-
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ing CCAAT/enhancer binding protein 8 (C/EBPB) and
C/EBP53 (60, 62) while inhibiting Wnt signaling (44). C/EBPB
and C/EBPS mediate the transcriptional activation of peroxi-
some proliferator-activated receptor gamma (PPARvy) and
C/EBPa. Through a combination of cross- and autoregulation,
these two master regulators of adipocyte differentiation medi-
ate the acquisition of the adipocyte phenotype (reviewed in
references 9, 28, 31, and 42).

The mature adipocyte plays an essential role in maintaining
energy homeostasis. Insulin stimulates adipocytes to increase
the uptake of glucose, whose energy is then stored as glycogen
and triacylglycerol (51). Conversely, catabolic stimuli such as
norepinephrine and adrenocorticotropin cause adipocytes to
release this energy into circulation for use by other tissues (7).
Finally, adipocytes secrete a number of factors that act cen-
trally and peripherally to profoundly influence whole-body en-
ergy metabolism (19).

Recently, genome-wide expression profiling has been used
to investigate adipogenesis and adipocyte gene expression in
vitro and in vivo (16, 48). Here we used a similar approach to
add to this body of knowledge with several goals in mind. First,
we defined the cascades of gene expression during adipocyte
conversion with the purpose of exploring mechanisms by which
enforced Wnt signaling blocks adipogenesis. Second, we used
the microarray data to screen for important adipocyte genes
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and chose the liver X receptor o (LXRa), a transcription
factor whose role in adipocyte function was poorly character-
ized, for further analyses.

Wnhts are secreted proteins that direct cell fates in a variety
of contexts (reviewed in reference 4), including adipogenesis.
We have previously shown that Wnt signaling through T-cell
factor/lymphoid enhancer factor (TCF/LEF) blocks differenti-
ation by preventing the induction of C/EBP« and PPARYy (44).
Experiments herein were designed to uncover the mechanistic
link between Wnt signaling and the inhibition of these tran-
scription factors. Our data are consistent with the idea that
Whnt inhibits differentiation through dysregulation of mitotic
clonal expansion.

LXRa is an oxysterol-regulated nuclear receptor that con-
trols lipid and cholesterol homeostasis (5, 24, 26, 45, 56, 57,
64). In response to elevated cholesterol levels, LXRa induces
the expression of genes such as ABCAI (8, 40) and apolipopro-
tein E (24), which mediate cholesterol efflux. In support of this
role for LXRa as a cholesterol sensor, LXRa null mice de-
velop toxic levels of hepatic cholesterol (35). While many of
the studies directed at understanding LXRa function have
focused on the liver and macrophages, there is good evidence
to suggest that LXRa activity may be important in adipocytes
as well. First, LXRa is highly expressed in adipocytes (59), and
its expression is regulated by PPARy (5), a key adipocyte
transcription factor. In addition, many LXRa target genes are
highly expressed in adipocytes (48). Indeed, the induction of
cholesterol ester transfer protein in adipocytes is mediated by
LXRa (27). Finally, adipocytes contain the largest pool of
nonesterified cholesterol in the body (23).

Here we show that activation of LXRa enhances several
metabolic functions, including glucose transport, glycogen syn-
thesis, cholesterol synthesis, and nonesterified fatty acid
(NEFA) release. Thus, while LXRa clearly has a critical func-
tion in cholesterol homeostasis, our data suggest that, at least
in adipocytes, this transcription factor also has a broader role
in regulation of metabolism.

MATERIALS AND METHODS

Cell culture. Mouse 3T3-L1 preadipocytes (14) and human embryonic kidney
293T cells (kind gift from Mitchell Lazar) were maintained in Dulbecco’s mod-
ified Eagle’s medium (Gibco-BRL) supplemented with 10% calf serum, as de-
scribed previously (43). 3T3-L1 preadipocytes were infected with a control ret-
rovirus (pLXSN or pBABE) or a retrovirus that encodes either Wnt-1 (63) or
LXRa (57), essentially as described previously (11). Briefly, 293T cells were
transfected with expression vectors and viral packaging vectors. Virus-containing
medium was applied to 3T3-L1 preadipocytes, and infected cells were selected
with appropriate antibiotic. Adipogenesis was induced by treating postconfluent
preadipocytes with insulin, dexamethasone, and isobutylmethylxanthine in 10%
fetal calf serum, as described previously (17). Experiments with adipocytes were
performed on cells that had been induced to differentiate for at least 13 but no
more than 18 days. Where indicated, cells were treated with the LXRa agonist
T0901317 (kind gift from AstraZeneca) for 24 h prior to experiments. The
staining of adipocytes with Oil Red-O was performed as described previously
(43).

Isolation of adipocytes and stromal vascular cells from white adipose tissue.
Cells were isolated essentially as described previously (41). Briefly, mouse epi-
didymal fat pads from 6-week-old C57BL/6 mice were surgically removed and
placed in ice-cold pH 7.4 Krebs-Ringer HEPES buffer. White adipose tissue (1.5
g) was digested at 37°C for 1 h in pH 7.4 Krebs-Ringer HEPES buffer containing
10 mg of collagenase/ml (Worthington, Inc.) with continuous agitation. Digested
adipose tissue was filtered through a mesh to separate cells from connective and
undigested tissues. The cells were then centrifuged at 500 X g for 5 min to
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separate the adipocytes, found at the top of the supernatant, from the stromal
vascular cells, found in the pellet.

RNA purification and microarray analyses. Total RNA was isolated from
stromal vascular cells, primary adipocytes, and 3T3-L1 cells with RNA Stat60
(Tel-Test B, Inc.). RNA was further purified with RNeasy spin columns (Qiagen,
Valencia, Calif.). Preparation of cRNA, hybridization, and scanning of the
mouse genome U74A arrays were performed according to the manufacturer’s
protocol (Affymetrix, Santa Clara, Calif.). The arrays were scanned at 3 pm with
the GeneArray scanner (Affymetrix).

Data manipulation. Each U74A chip consists of 640 X 640 features (20 X 20
wm each) that are single-stranded sequences of DNA 25 bases in length. There
are typically 16 pairs of features (probe pairs) for each of the transcripts (probe
sets). Half of the features are designed to be complementary to a specific
sequence (perfect match = PM features), the other half being identical except
that the central base has been altered (mismatch = MM features). The intensity
of each feature was determined with GeneChip 4.0 software (Affymetrix) and
stored in .CEL files.

We have developed software to read .CEL files and perform some processing
of the data. It is freely available at http://dot.ped.med.umich.edu:2000/ourimage
/pub/shared/Affymethods.html.

A control chip (control-infected 3T3-L1 cells from time zero) was selected as
a standard. Probe pairs for which either the PM or MM feature was saturated in
the image of the standard or for which PM — MM < —1,000 on the standard
were excluded from further consideration. Saturated features (with measures at
least 98% of the maximum pixel value on a chip) on other chips were imputed
separately for PM or MM values. For a saturated PM value, the ratios of
nonsaturating PM values for the chip divided by the standard are averaged for a
probe set by taking the antilogarithm of the mean of the log ratios. This factor
was multiplied by the PM values of the standard to impute values for the chip
under consideration. MM values were imputed similarly.

The average intensity for each probe set was computed as the mean of the PM
— MM differences after trimming away the 25% highest and lowest differences.
A set of 4,171 reference probe sets were selected for use in normalization, these
having the property of being between the 40th and 95th percentile of probe set
average intensities on each of 16 different chips (control versus Wnt samples
were used). A normalization factor was obtained with the reference probe sets by
computing the antilogarithm of the mean log ratios of the average intensities for
the selected chip divided by the standard. The average intensities were divided by
this factor to obtain the normalized intensities for the probe sets.

When computing fold change indices, normalized intensities were averaged
over replicates, and intensities of less than 100 were replaced by 100 before
forming ratios in order to avoid negative or spuriously large n-fold change values.

Data subjected to analysis of variance (ANOVA) treatments were first log
transformed by adding 100 to the normalized intensities, setting to 0 any that still
remained negative, and finally adding 1 and taking logarithms. This transforma-
tion gave approximately equal variances for probe sets with large and small mean
normalized intensities.

To determine whether the set of genes that defined the adipocyte phenotype
displayed significantly higher levels of expression in adipocytes compared to
preadipocytes, we asked that, when comparing the level of gene expression in
white adipose tissue adipocytes versus preadipocytes and in adipocytes versus
preadipocytes, both give a significant difference (P < 0.05) in a one-way ANOVA
model on log-transformed data.

To determine whether the expression of a gene varied over the course of
differentiation of 3T3-L1 cells, six treatments were analyzed in two separate
experiments (12 samples): day 0 preadipocytes, control-infected cells from 0, 16,
32, and 48 h, and day 14 adipocytes. We fit two-way ANOVA models to the
log-transformed data that included treatment and experiment effects. We se-
lected genes that gave significant F tests for treatment effects (P < 0.005) and
that displayed at least a twofold change between at least one pair of treatments.

Immunoblot analyses. Nuclei were purified from 3T3-L1 cells as described
previously (54). Nuclear extracts were separated by electrophoresis on sodium
dodecyl sulfate (SDS)-polyacrylamide gels (7% for p130, 11% for all others) and
transferred onto a PVDF-Plus membrane for immunoblot analyses. Immuno-
blotting was performed as described previously (11, 17) with the following anti-
bodies: E2F4 (C-20) from Santa Cruz; p130 (Rb2) from BD Transduction Labs;
p27 from PharMingen; and p21 (WAF1) from Oncogene Research Products.

Northern blot analyses. 3T3-L1 cells were lysed daily over the course of
differentiation, and RNA was extracted with Trizol (Life Technologies, Inc.).
Northern blot analyses of RNA were performed as described previously with 20
ng of total RNA per lane (47). Blots were probed with LXRa, PPARy, SREBP1/
ADD1, and C/EBPa. We used 18S ribosomal protein mRNA (ATCC 107382) as
a control for equal RNA loading.
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Triacylglycerol accumulation and protein concentration. 3T3-L1 adipocytes
were lysed in buffer (1% SDS, 1.2 mM Tris, pH 6.8), heat-treated (95°C, 5 min),
and vortexed. Triacylglycerol determinations were performed with Infinity tri-
glyceride reagent (Sigma) with glycerol as the standard. Protein determinations
were made with the Bio-Rad protein assay, with bovine serum albumin (BSA) as
the standard.

NEFA and glycerol efflux. 3T3-L1 adipocytes were rinsed twice with and then
incubated in Hanks’ buffered saline solution supplemented with 1% BSA (fatty
acid free). Glycerol released into the medium was quantified with triglyceride
reagent A (GPO-Trinder; Sigma) and NEFA release with the free fatty acids half
micro test (Roche). Glycerol and palmitic acid were used as standards, respec-
tively.

Glucose uptake. Glucose uptake was determined essentially as described pre-
viously (1). Briefly, adipocytes were washed three times with phosphate-buffered
saline (PBS) and incubated for 30 min at 37°C in PBS containing 0.7% BSA.
Cells on 6-cm plates were incubated with 2-deoxy-p-['*C]glucose (100 pM; 10
cpm/pmol) for 5 min at room temperature. The assay was terminated by adding
2-deoxy-p-glucose (200 mM) and washing the cells with ice-cold PBS three times.
Cells were lysed in a 1 ml of 0.1% SDS, and aliquots (250 pl) were subjected to
scintillation counting.

Glycogen synthesis. Cells were incubated in PBS containing 0.7% BSA with 1
mM [U-"*C]glucose for 30 min at 37°C, then disrupted in 15% KOH (0.75 ml),
and boiled for 30 min in the presence of 10 mg of carrier glycogen. Glycogen was
then precipitated with ethanol. After centrifugation, the pellet was resuspended
in 0.5 ml of water and reprecipitated two times. The final pellet was resuspended
in 0.5 ml of water and subjected to scintillation counting.

Lipid synthesis and extraction. Cellular lipids were extracted essentially by the
Folch method (12). Briefly, cells were incubated for 2 h at 37°C in the presence
of ["*CJacetic acid and then lysed in 0.5 ml of ethanol. Then, 1 ml of chloroform
was added and mixed by vortexing. After addition of 0.5 ml of HCI (0.1 N),
lysates were mixed by gentle inversion. Tubes were centrifuged at 500 X g for 30
min. The upper phase and infranatant were discarded, and the organic phase was
washed twice with 0.5 ml of water. Extracts were dried under N, and the pellet
was resuspended in the appropriate volume of chloroform. Extracts were sepa-
rated by thin-layer chromatography with dichloroethane-acetic acid (100:1, vol/
vol) on silica gel plates and exposed to film. Phospholipids, cholesterol, diacyl-
glycerol, and triacylglycerol were identified with standards.

Serum NEFA and glycerol determination. Female C57BL/6 mice (10 weeks
old, approximately 20 g each) received an intraperitoneal injection of either
vehicle (control) or 50 mg of T0901317/kg/day daily for 1, 3, or 7 days. In
addition, 4 h prior to sample collection, the mice were injected with a final dose
of vehicle or T0901317. Five mice were injected for each treatment. T0901317
was dissolved in dimethyl sulfoxide (50 mg/ml) and diluted (5:1) with 0.9% saline
prior to injection. Mice were anesthetized with CO,, and ocular blood was
obtained prior to euthanasia. Serum was analyzed for NEFA and glycerol as
described previously above. Data were subjected to F tests for treatment effects.

RESULTS

We have previously shown that Wnt signaling is an adipo-
genic switch, blocking differentiation in its presence and allow-
ing spontaneous differentiation in its absence (44). As such, we
thought that Wnt would serve as a tool in our efforts to better
understand the process of adipocyte differentiation through
microarray analyses. Here, we profiled changes in gene expres-
sion that occur in response to adipogenic medium (MDI),
comparing patterns from control infected preadipocytes and
preadipocytes in which Wnt was ectopically expressed. RNA
was purified from control and Wnt-expressing 3T3-L1 cells at
time zero, immediately prior to induction of differentiation, as
well as 16, 32, and 48 h postinduction. A second aim was to
investigate the preadipocyte and adipocyte phenotypes. As an
in vitro model, RNA was isolated from 3T3-L1 preadipocytes
and adipocytes. As an in vivo model, RNA was isolated from
stromal vascular cells, which are comprised predominantly of
preadipocytes, and adipocytes from fractionated white adipose
tissue. This experimental design is illustrated in Fig. 1.
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FIG. 1. Experimental design. To investigate the preadipocyte and
adipocyte phenotypes, RNA was purified from confluent 3T3-L1 prea-
dipocytes (PA; day 0) and 3T3-L1 adipocytes that were 14 days postin-
duction (Ad; day 14). In addition, RNA was purified from mouse white
adipose tissue (WAT) that had been separated into stromal vascular
(SV) cells (which contain preadipocytes) and white adipocytes (WAd).
To gain further insight into the early events of adipogenesis and the
mechanism by which Wnt signaling blocks this differentiation process,
3T3-L1 cells were control infected (Control) or infected with a retro-
virus encoding the gene for Wnt-1 (Wnt). Following selection, cells
were induced to differentiate with methylisobutylxanthine, dexameth-
asone, and insulin (MDI) in 10% fetal calf serum. RNA was prepared
from cells at 0, 16, 32, and 48 h following induction of differentiation.
For each condition, RNA was purified from two independent samples,
and transcript levels were measured by microarray with U74A Af-
fymetrix chips, which represent approximately 10,000 distinct mouse
genes and ESTs.

Genes that define the adipocyte phenotype. Data derived
from these 12 conditions are accessible at http://www-personal
.umich.edu/” macdouga/MacDougaldLab.html. We designed a
simple screen to define genes that are selectively expressed in
adipocytes. Specifically, we selected genes that are expressed in
both adipocyte models at similar levels (within twofold of each
other) and that are expressed at significantly higher levels in
adipocytes than in preadipocytes (P < 0.05; at least a fourfold
difference). Of the ~10,000 genes and expressed sequence tags
(ESTs) that are represented on the chip, 119 met these criteria.
The expression levels of these transcripts in white adipose
tissue adipocytes, 3T3-L1 adipocytes, and 3T3-L1 preadipo-
cytes are shown in Fig. 2A, and a partial list by category
appears in Fig. 2B. The complete list is available at http:
/www-personal.umich.edu/” macdouga/MacDougaldLab.html.

As expected, we identified genes that are critical for many
aspects of carbohydrate and lipid metabolism (Fig. 2B), includ-
ing genes involved in metabolic trapping of glucose (hexoki-
nase II), glycolysis (phosphofructokinase), and lipogenesis (di-
hydroxyacetonephosphate acyltransferase, fatty acid synthase,
diacylglycerol acyltransferase, stearoyl coenzyme A [CoA] de-
saturase 1, and lipoprotein lipase). We hypothesized that we
might also have identified signaling proteins that regulate these
metabolic processes. Consistent with this idea, we identified
B-3 adrenergic receptor and nitric oxide synthase 3 (Fig. 2B),
which play opposing roles in the regulation of lipolysis (7, 22).
However, other signaling molecules selected by our criteria,
such as ERK3, have uncharacterized roles in adipocyte biology
and warrant further investigation.

The secreted proteins that we identified may be important
for the endocrine functions of the adipocyte. For instance,
Acrp30/adiponectin/adipoQ and resistin (Fig. 2B) play roles in
the sensitivity of peripheral tissues to insulin (2, 50, 61). These
and other secreted proteins may contribute to the regulation of
whole-body energy metabolism. Finally, four transcription fac-
tors, C/EBPa, PPARYy, SREBP1/ADDI1, and LXRa, were
identified among genes specifically expressed in adipocytes
(Fig. 2B). The roles of the first three in adipogenesis are well
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FIG. 2. Genes (n = 119) that define the adipocyte phenotype. Criteria were established to identify genes that may be important in adipocyte
function. These criteria were (i) transcripts that are expressed in 3T3-L1 adipocytes (Ad) and adipocytes from white adipose tissue (WAd) at
similar levels (within twofold of one another) and (ii) transcripts that are highly expressed in both of these models relative to that observed in
3T3-L1 preadipocytes (PA) (at least fourfold higher and significantly different). Expression levels (10%) of these adipocyte genes are shown in panel
A, and a partial list of these genes is given in panel B. The complete list of genes is available at http://www-personal.umich.edu/"macdouga

/MacDougaldLab.html.

characterized. C/EBPa and PPAR<y are master regulators,
each sufficient to mediate the adipogenic program (31, 42).
SREBP1/ADDL1 is an enhancer of differentiation, inducing
PPARY and production of its ligand (21, 52). In contrast, the
role of LXRa in adipocyte biology has not been investigated
extensively.

Gene expression profiles during adipogenesis. The extensive
characterization of 3T3-L1 cells during adipogenesis provides
an excellent framework upon which to evaluate gene expres-
sion on a genome-wide scale. Here we examined the cascades
of gene expression with an unbiased approach to identify pat-
terns. Samples used for these analyses include preadipocytes
and fully differentiated adipocytes as well as control cells in-
duced to differentiate for 0, 16, 32, and 48 h (Fig. 1). Genes
that varied significantly (P < 0.005) and whose magnitude
varied by at least twofold during differentiation were selected.
We next arranged these genes based on their inherent expres-
sion properties by hierarchical clustering. This algorithm cre-
ates a dendrogram of genes based on the same principle as a
phylogenetic tree. Genes whose patterns of expression have
the highest degree of correlation are placed most closely to-
gether. Clustering analysis of our data revealed that three
quarters of the transcripts fell into one of five waves of gene
expression. Based on careful examination of genes contained
within these clusters, we labeled each of the phases as follows:
loss of preadipocyte phenotype, mitotic clonal expansion, phe-
notype conversion, and acquisition of the early and late adi-
pocyte phenotypes (Fig. 3A to E).

Loss of preadipocyte phenotype. Upon induction of adipo-
genesis, many genes expressed in preadipocytes are rapidly
suppressed (Fig. 3A). For instance, there is downregulation of
six procollagens and several regulatory extracellular matrix
components, such as tissue inhibitor of metalloproteinase II
and matrix metalloproteinase 9. In addition, small leucine-rich
proteoglycans decline upon induction of differentiation, in-
cluding decorin, lumican, and osteoglycan. Heparin sulfate
proteoglycans such as glypican 4 and syndecan 2 are also re-
pressed during this phase. The downregulation of these extra-
cellular matrix proteins is consistent with the idea that prea-
dipocytes lose their fibroblastic characteristics as they turn into

adipocytes. We were next interested in whether the expression
of Wnt blocks the loss of the preadipocyte phenotype. Surpris-
ingly, expression of virtually all of these genes declined in a
similar manner after treatment with MDI, irrespective of the
presence of Wnt (data not shown). Thus, Wnt signaling does
not appear to inhibit loss of the preadipocyte phenotype. An
interesting but unanswered question is whether the expression
of these preadipocyte genes in Wnt-expressing cells returns to
preadipocyte levels when cells fail to differentiate.

Mitotic clonal expansion. A second phase of adipogenesis is
mitotic clonal expansion (Fig. 3B). Although controversial, it is
likely that events that occur during this time are critical for
differentiation (33, 37). During this phase, growth-arrested
preadipocytes reenter the cell cycle and undergo one or two
rounds of cell division (33). As shown in Fig. 3B, a peak in the
expression of 275 genes and ESTs occurred 16 h after induc-
tion of differentiation, corresponding to entry into S phase. Of
these, approximately 50 were readily identifiable as cell cycle
genes. We next examined whether expression of Wnt affected
their expression. Although some genes were expressed simi-
larly in control and Wnt-expressing cells, the expression pat-
terns of 27 genes associated with cell cycle progression were
greatly blunted by the presence of Wnt (Fig. 4A). For instance,
in response to MDI treatment, DNA polymerase a was in-
duced ninefold in control cells at 16 h but only threefold in
Wht-expressing cells during this time. Similarly, ectopic Wnt
blunts the induction of dihydrofolate reductase from fivefold in
control cells to twofold in Wnt-expressing cells. These data
suggest that mitotic clonal expansion is altered in the presence
of Wnt signaling.

Next we investigated the mechanism by which Wnt signaling
inhibits induction of many cell cycle genes. Because many of
the cell cycle genes whose transient expression is diminished in
the presence of Wnt are known to be regulated by E2F (25), we
hypothesized that E2F activity is reduced in Wnt-expressing
cells. E2F4 is the predominant E2F family member in 3T3-L1
cells (53). Thus, we examined the expression of this protein by
immunoblot analyses (Fig. 4B). Nuclear E2F4 from control
cells was induced 20 h after induction of differentiation, and
the presence of Wnt blunted the induction of E2F4 in response



VoL. 22, 2002

il h

PA 1?83(2 )48 A. Loss of PA Phenotype
c 27
o
@ 1} *
2
(=8
g o {
[}
=
g
[T}
&€ ol

| S— - —
PA 0 16 32 48 Ad
Time (h)

s B. Mitotic Clonal Expansion

Relative Expression
o
(4,1

05} { {

| S— —, —d
PA 0 16 32 48 Ad
Time (h)

) C. Phenotype Conversion

e
T

t

—_ —_ —_
PA 0 16 32 48 Ad
Time (h)

L gl

Relative Expression
o

J
N
r

- D. Early Ad Phenotype

¢

P g
(3]
T

=)
o

¢

— —_ —_
PA 0 16 32 48 Ad
Time (h)

Relative Expression
(=]
o

1

-

o
r

. E. Late Ad Phenotype

N

-
)
T

$ byt

—_ [ S E—— —_
PA 0 16 32 48 Ad
Time (h)

6
)

Relative Expression
: =)
o

-
)

-2 0 2
Relative Expression

GLOBAL GENE EXPRESSION DURING ADIPOGENESIS 5993

to MDI (Fig. 4B). The activity of E2F4 is highly regulated by
p130 (53), which, when hypophosphorylated, binds to E2F4
and inhibits its activity. Phosphorylation of p130 by cyclin-
dependent kinases (cdks) releases E2F4 from p130-mediated
inhibition.

We therefore examined the expression of p130. In control
cells, induction of differentiation caused a decline in the ex-
pression of p130 coupled with hyperphosphorylation of the
protein (Fig. 4B). These findings are consistent with the idea
that E2F4 activity increases during mitotic clonal expansion.
The presence of Wnt partially inhibited both the decline and
hyperphosphorylation of p130 (Fig. 4B), suggesting that E2F4
activity was reduced in these cells. Hyperphosphorylation of
p130 is caused, in part, by a decline during the cell cycle of the
cdk inhibitors. We therefore investigated whether the cdk in-
hibitors p21 and p27 are dysregulated in the presence of Wnt.
Immunoblot analyses revealed that the decline in expression of
p21 and p27 normally associated with the cell cycle (32, 33) was
blocked by the presence of Wnt (Fig. 4B). Our data clearly
indicate that Wnt expression alters many aspects of mitotic
clonal expansion. Given that this phase is critical for subse-
quent differentiation, its dysregulation by Wnt may be causal to
inhibition of adipogenesis.

Phenotype conversion. In response to MDI, many genes
were transiently induced, remaining elevated at 48 h but re-
turning to basal levels in the fully differentiated adipocyte (Fig.
3C). A number of events are occurring during this phase be-
cause the cells are undergoing a dramatic phenotype conver-
sion, simultaneously losing their preadipocyte characteristics
and gaining early adipocyte properties. These changes require
considerable modifications in gene transcription, RNA pro-
cessing, and protein synthesis. Thus, it is not surprising that
many genes involved in these processes, for example, the gen-
eral transcription factor TAFII30, the RNA splicing factor
U2AF, and the protein translation initiation factors 2A and 3,
are upregulated during this active period. It is very interesting
that this phase contains many transcription factors. Although
Wnt expression has no effect on the induction of C/EBPB,
other transcription factors that are induced during this phase,
such as retinoid X receptor «, retinoic acid receptor «, and
Myc, are not induced in Wnt-expressing cells. Thus, it is pos-

FIG. 3. Gene expression profiles during adipogenesis. RNA tran-
script levels were assessed from 3T3-L1 cells under six conditions:
noninfected preadipocytes (PA), control-infected 3T3-L1 cells that
had been induced to differentiate for 0, 16, 32, or 48 h, and day 14
adipocytes (Ad). A total of 1,889 genes that varied significantly in
expression (P < 0.005) and by at least twofold in magnitude were
selected for analysis by hierarchical clustering. Average expression for
each gene was standardized to have mean = ( and variance = 1 across
conditions. Complete linkage clustering was performed with Cluster
and Treeview software (http://www.microarrays.org/software.html).
Genes are represented in rows, with a colorimetric scale (standard
deviations [SDs] from the mean) to indicate relative expression levels;
conditions are indicated above each column. Major patterns were
defined as those nodes containing at least 150 transcripts and having a
correlation coefficient of at least 0.85. Three quarters of the transcripts
fell into one of five major patterns (A to E). Average expression
profiles and SDs are shown for each pattern. This image, with a
complete list of genes and their expression patterns, can be obtained at
http://www-personal.umich.edu/” macdouga/MacDougaldLab.html.
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FIG. 4. Ectopic Wnt signaling alters mitotic clonal expansion.
(A) Average expression profile and SD for 27 cell cycle genes are
shown for control infected (Con) and Wnt infected (Wnt) cells. Aver-
age expression for each gene was standardized to have mean = 0 and
variance = 1 across conditions. The full list of genes and their expres-
sion patterns can be obtained at http://www-personal.umich.edu
/~“macdouga/MacDougaldLab.html. (B) Control infected (Con) and
Wnt infected (Wnt) cells were either lysed at time zero (0 h) or
induced to differentiate and lysed 20 h later (20 h). Nuclei were puri-
fied, and nuclear lysates were separated by SDS-PAGE for immuno-
blot analysis of E2F4, p130, p27, and p21, as indicated. Two E2F4
isoforms are indicated (a and b). Similarly, p130 exists as two isoforms
(a and c). Phosphorylation of the lower species (a) results in a mobility
shift, resulting in b. These results are representative of two or three
independent experiments.

sible that dysregulation of specific genes within this phase may
also contribute to Wnt-mediated inhibition of adipogenesis.

Early adipocyte phenotype. A fourth phase that occurs upon
induction of adipogenesis is characterized by a gradual in-
crease in gene expression from 0 to 48 h, which reaches max-
imal levels of expression in the fully differentiated adipocyte
(Fig. 3D). We observed that many genes found within this
cluster are involved in energy storage. For example, genes
encoding proteins involved in metabolic trapping, glycogen
synthesis, the pentose phosphate shunt, glycolysis, oxidative
phosphorylation, and essentially all aspects of lipogenesis were
expressed within this phase (Fig. SA). Thus, it appears that the
ability to trap and store glucose is one of the earliest events
during the acquisition of the adipocyte phenotype. Also found
within this cluster were C/EBPa, PPARYy, and SREBP1/ADDI,
highlighting the possible regulatory role of these transcription
factors in the induction of energy storage genes. Indeed, gly-
cogen synthase, fatty acid synthase, stearoyl CoA desaturases,
and many other genes in this cluster are already known to be
regulated by one or more of these transcription factors (6, 13,
15, 30, 46, 52, 58).

We then investigated whether expression of Wnt influenced
induction of genes that comprise the early adipocyte pheno-
type. Inspection of the microarray data revealed that the grad-
ual induction of genes involved in energy storage did not occur
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in the presence of Wnt (data not shown). Similarly, induction
of C/EBPa, PPARYy, and SREBP1/ADDI1 was completely re-
pressed by ectopic expression of Wnt (Fig. 5B). Without in-
duction of these adipogenic transcription factors, adipocyte
conversion cannot proceed. These findings are consistent with
a model in which early events, such as dysregulation of the cell
cycle, lead to a block in the induction of adipocyte transcrip-
tion factors, thereby preventing adipogenesis.

Late adipocyte phenotype. The last phase of gene expression
observed upon induction of adipogenesis is characterized by
the late induction of genes, which is not apparent until after
48 h (Fig. 3E). Interestingly, many of the genes required for
regulated mobilization of stored energy are found within this
cluster (Fig. 6). Key rate-limiting enzymes (e.g., hormone-sen-
sitive lipase) and regulators (e.g., B-3 adrenergic receptor, pro-
tein kinase A, and glycogen phosphorylase kinase) for lipolysis
and glycogenolysis are induced as part of the late adipocyte
phenotype. This observation suggests that the ability of the
adipocyte to mobilize energy is a late event during acquisition
of the adipocyte phenotype. Given the time frame during
which these changes in gene expression occur and the fact that
adipogenesis does not occur in the presence of Wnt, it is highly
unlikely that Wnt-expressing cells undergo this late phase.

Role of LXRa in differentiation and metabolism. Based on
the observations that LXRa is selectively expressed in adipo-
cytes relative to preadipocytes (Fig. 2) and that this transcrip-
tion factor is induced in the late wave of adipogenesis (Fig.
3E), we tested the role of LXRa in differentiation. Northern
blot analyses revealed that LXRa was first observed 4 days
after induction of differentiation (Fig. 7A). This induction was
slightly later than that observed for C/EBPa, PPARY, and
SREBP1/ADD]1, which were first detected on day 2 (Fig. 7A).
To assess the role of LXRa in adipogenesis, control and
LXRa-expressing preadipocytes were induced to differentiate
in the absence or presence of the LXRa activator T0901317.
Differentiation of control 3T3-L1 cells in the continuous pres-
ence of T0901317 had no effect on the accumulation of triac-
ylglycerol (data not shown) or the degree of differentiation, as
assessed visually by Oil Red-O staining (Fig. 7B). Although
ectopic expression of LXRa caused a slight inhibition of adi-
pogenesis, the effect was not pronounced. However, when
LXRa was ectopically expressed and activated by treatment of
cells with T0901317, adipogenesis was dramatically inhibited.
These data indicate that, unlike C/EBPa and PPARYy, LXRa is
not adipogenic. Rather, when ectopically expressed and acti-
vated, this transcription factor inhibits adipocyte conversion.

We next assessed the function of LXRa in the fully differ-
entiated adipocyte. In addition to evaluating its role in carbo-
hydrate and lipid metabolism, we considered the possibility
that LXRa regulates cholesterol synthesis. Because 3T3-L1
adipocytes contain large amounts of cholesterol, a precursor to
LXRa ligands (oxysterols), it is likely that endogenous LXRa
is active under basal conditions. Therefore, to amplify the
effects of agonist treatment, we performed experiments with
3T3-L1 adipocytes in which LXRa was ectopically expressed.

To evaluate whether LXRa regulates carbohydrate metab-
olism, we first measured glucose uptake in LXRa-expressing
adipocytes. Although insulin-stimulated glucose uptake was
not altered by LXRa activation (data not shown), basal glucose
uptake was dramatically increased when cells were treated with
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FIG. 5. (A) Genes within the early adipocyte phenotype are involved in energy storage. Of the genes and ESTs that cluster in the early
adipocyte phenotype (Fig. 3D), 20 are involved in the storage of energy as glycogen, fatty acids, and triacylglycerol (TAG). Schematic diagram of
the function of these genes in metabolism is shown to the left, with their names on the right. (B) Average expression profile and SD for C/EBPa,
PPARY, and SREBP1/ADDI, three transcription factors found within the early adipocyte phenotype cluster. Average expression for each gene was
normalized to have mean = 0 and variance = 1 across conditions. TCA, trichloroacetic acid; OA, oxaloacetate; DHAP, dihydroxyacetone

phosphate.

T0901317 for 24 h (Fig. 8A). Because basal glucose uptake is
largely mediated by GLUT1 (20), we evaluated whether LXRa
induces GLUT1I gene expression. Treatment of LXRa-express-
ing adipocytes with T0901317 for 24 h increased GLUTI ex-
pression at both the RNA (data not shown) and protein (Fig.
8B) levels. Next we determined whether the increase in glucose
uptake was paralleled by an increase in glucose storage. Expo-
sure of LXRa-expressing adipocytes to T0901317 for 24 h
caused a ~75% increase in the rate of glycogen synthesis under
basal conditions (Fig. 8C). Although slightly less dramatic, the
effects of T0901317 on glucose uptake and glycogen synthesis
were also observed in control 3T3-L1 adipocytes (data not
shown). Taken together, these data suggest that activation of
LXRa increases glucose uptake and storage, at least in part,
due to an increase in GLUTI.

To assess the potential role of LXRa in lipid metabolism, we
examined its effects on lipolysis and lipogenesis. LXRa-ex-

Glycogenolysis Lipolysis

Energy Mobilization

FIG. 6. Genes within the late adipocyte phenotype are involved in
energy mobilization Of the genes and ESTs that cluster in the late
adipocyte phenotype (Fig. 3E), many are involved in energy mobiliza-
tion. Schematic diagram of the function of these genes is shown, with
members of cluster 3E highlighted in gray. B3AR, B3 adrenergic re-
ceptor; PKA, protein kinase A; HSL, hormone-sensitive lipase; PhK,
phosphorylase kinase; PTG, protein targeted to glycogen; PP1, protein
phosphatase 1.

pressing adipocytes were incubated in the absence or presence
of T0901317 for 24 h, and efflux of NEFA and glycerol into the
medium was measured. Activation of LXRa increased the rate
of NEFA release twofold (Fig. 8D). Surprisingly, the increase
in NEFA release was not accompanied by a change in glycerol
efflux. Activation of LXRa had no effect on the maximal rate
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FIG. 7. Role of LXRa in adipocyte differentiation. (A) RNA from
3T3-L1 cells that had been induced to differentiate for the number of
days indicated was analyzed by Northern for LXRa, SREBP1/ADDI,
PPARY, and C/EBPa. (B) 3T3-L1 preadipocytes were control infected
(pBABE) or infected with a retrovirus encoding the gene for LXRa
and selected with puromycin. Once confluent, cells were induced to
differentiate in the absence (Con) or presence of the LXRa activator
T0901317 (1 wM). Fourteen days later, cells were stained with Oil
Red-O. These results are representative of three independent experi-
ments.
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FIG. 8. Role of LXRa in adipocyte metabolism. Fully differentiated 3T3-L1 cells that expressed ectopic LXRa were incubated in the absence
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(B) Lysates were analyzed by immunoblot for GLUT1. (C) Cells were labeled with [**Clacetate, and glycogen synthesis was measured. (D) NEFA
and glycerol efflux from the cells into the medium was determined. (E) Cells were labeled with ['*Clacetate, and lipids were extracted from the
medium (top) or cell lysates (bottom) and separated by thin-layer chromatography. The origin, phospholipids (PL), cholesterol, diacylglycerol
(DAG), and triacylglycerol (TAG) are indicated. These experiments are representative of at least three independent experiments.

of NEFA or glycerol release upon stimulation of adipocytes
with the B-3 adrenergic receptor agonist BRL37344 (data not
shown).

We next considered the possibility that the increase in basal
NEFA release was secondary to an increase in lipogenesis.
However, treatment of cells with T0901317 had no effect on
the incorporation of [**CJacetate into triacylglycerol (Fig. 8E).
Although the magnitude was not quite as great, T0901317 also
stimulated release of NEFA in control 3T3-L1 adipocytes
(data not shown). Despite the discrepancy between NEFA and
glycerol release, we favor the idea that activation of LXRa
increases basal lipolysis. Several mechanisms could account for
the absence of a corresponding increase in glycerol. For in-
stance, glycerol could be selectively retained in the cell due to
metabolic trapping. Consistent with this notion, T0901317 in-
duced glycerol kinase at the RNA level by twofold (data not
shown). Alternatively, monoacylglycerol resulting from partial
lipolysis may be reesterified and therefore not transported out
of the cell. Finally, LXRa may increase transport of newly
synthesized fatty acids out of the fully differentiated adipocyte.

Based on the regulation of cholesterol by LXRa in liver and
macrophages, we next considered the possibility that LXRa
controls cholesterol metabolism in adipocytes. LXRa-express-
ing adipocytes were treated or not with T0901317 for 24 h.
After metabolic labeling with ['*Clacetate for 2 h, lipids were
extracted and separated by thin-layer chromatography. Activa-
tion of LXRa resulted in a dramatic increase in cholesterol
synthesis (Fig. 8E). This finding was somewhat surprising in
view of the role of LXRa in macrophages, intestinal cells, and
hepatocytes, where it acts to limit cholesterol accumulation in
the body. Further experiments are required to investigate the

unique regulation of cholesterol homeostasis by LXRa in adi-
pocytes.

Finally, we investigated the role of LXRa activity on the
regulation of lipolysis within white adipose tissue. To do this
experiment, mice were treated with vehicle or T0901317 (50
mg/kg/day) daily for 1, 3, or 7 days, as indicated, and serum was
analyzed for NEFA and glycerol concentrations (Fig. 9). Treat-
ment with T0901317 for 3 or 7 days increased serum NEFA
levels 1.8-fold and 1.9-fold, respectively (P < 0.01) relative to
control mice (Fig. 9A). These data are consistent with the
effect of LXRa activation on NEFA release in vitro and sug-
gest that increased LXRa activity results in increased lipolysis
within adipose tissue in vivo. Changes in the serum concentra-
tion of glycerol mirrored those observed for NEFA upon treat-

A B
g2 so08
E E
W $ 04
z =
£ 0.4 [0
] g 02
3 2
[72 )] &)’ 0

Con 1 3 7
Days of Treatment

Con 1 3 7
Days of Treatment

FIG. 9. Role of LXRa in lipid metabolism in vivo. Female
C57BL/6 mice were injected with either vehicle (Con) or 50 mg of
T0901317/kg/day daily for 1, 3, or 7 days, as described in Materials and
Methods, and serum was analyzed for NEFA and glycerol. Three and
seven days of T0901317 treatment resulted in significant (P < 0.01)
changes in both NEFA and glycerol concentrations, as indicated (*).
Results are representative of two independent experiments.
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ment of mice with T0901317, with significant effects following
3 and 7 days of treatment (Fig. 9B). Taken together, these data
reveal an unexpected role for LXRa in the regulation of lipol-
ysis.

DISCUSSION

Here we conducted microarray analyses to define the pat-
terns of gene expression during adipogenesis and thereby iden-
tify networks of gene expression that are altered when adipo-
genesis is blocked by Wnt signaling. Our studies indicate that
enforced Wnt signaling blunts mitotic clonal expansion, sug-
gesting that Wnt signaling inhibits adipogenesis in part through
dysregulation of the cell cycle. Furthermore, we show that
during adipocyte development, the ability to store energy oc-
curs prior to the ability to mobilize energy. Finally, we inves-
tigated LXRa, a transcription factor that is induced late during
adipogenesis. Our experiments revealed that activation of
LXRa increases glucose uptake, glycogen synthesis, choles-
terol synthesis, and NEFA efflux in 3T3-L1 adipocytes. In sup-
port of a role for LXRa in lipolysis, we also showed that
activation of LXRa causes increased serum NEFA and glyc-
erol concentrations in vivo.

One of the major aims of our microarray analyses was to use
Wnt signaling as a tool to learn more about the process of
adipocyte differentiation. Because Wnt signaling acts as a
switch to regulate adipogenesis (44), pinpointing the precise
target of Wnt signaling will likely identify a critical control
point for adipocyte conversion. Our microarray results re-
vealed five major phases. Although several patterns were al-
tered in the presence of Wnt, we favor the hypothesis that Wnt
signaling inhibits adipogenesis by altering aspects of the cell
cycle that are critical for subsequent differentiation. We and
others have observed that levels of the cdk inhibitors p21 and
p27 decline during mitotic clonal expansion (32, 55). This de-
cline, which does not occur in Wnt-expressing cells, is required
for the eventual activation of E2F4. As a result, we observed
that induction of many known E2F-regulated genes during the
cell cycle was reduced in the presence of Wnt.

Only four transcription factors were identified in our screen
to define genes that are selectively expressed in adipocytes
(Fig. 2). Three of these, C/EBPa, PPARY, and SREBP1/
ADD1, are induced during acquisition of the early adipocyte
phenotype and have well-established roles in adipocyte differ-
entiation (38, 42). In contrast, LXRa is induced in a later
phase, and analysis of its function in adipocytes remains in-
complete. Although no adipocyte phenotype has been re-
ported in mice lacking LXRa (35), we hypothesized that
LXRa may have important functions in adipose tissue because
of its high level of expression (59).

The main physiological function of LXRa is to regulate
cholesterol homeostasis, stimulating cholesterol conversion to
bile acids in hepatocytes, inhibiting cholesterol uptake in in-
testinal cells, and promoting cholesterol efflux from macro-
phages and possibly adipocytes (10, 26, 34). All of these activ-
ities limit the amount of cholesterol in the body. Our finding
that LXRa activity causes an increase in cholesterol synthesis
is therefore somewhat at odds with its known function else-
where. It is possible that the increase in cholesterol synthesis is
secondary to an increase in expression of the ABCA1 trans-
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porter or apolipoprotein E, two LXRa target genes which
function to remove cellular cholesterol (8, 24, 40). Consistent
with this idea, LXRa activity causes an increase in apolipopro-
tein E expression in adipose tissue (24). Alternatively, it is
possible that the regulation of cholesterol by LXRa in adipo-
cytes is different from that elsewhere in the body, perhaps
because adipocytes have a unique requirement for cholesterol.

An emerging concept is that the level of triacylglycerol and
free cholesterol within adipocytes may be linked. Adipocytes
contain the largest pool of free cholesterol in the body (23),
and recently it has been shown that free cholesterol coats the
surface of triacylglycerol droplets (36). Furthermore, LXRa is
known to induce the expression of SREBP1/ADD1 (39), a key
transcription factor in the regulation of lipogenesis (3). Finally,
activation of LXRa in vivo results in increased serum choles-
terol levels (18) (data not shown) and, as we report here,
NEFAs and glycerol (Fig. 9).

If the increase in serum cholesterol and NEFA/glycerol is
indeed connected, it is important to distinguish between pri-
mary and secondary effects. It is possible that LXRa activity
results directly in an increase in lipolysis, perhaps mediated by
increased activity of hormone-sensitive lipase or by influencing
the accessibility of the lipid droplet to this lipase. Decreases in
the volume of a lipid droplet would correspond to decreases in
its surface area and thus an excess of free cholesterol within
the adipocyte. In this scenario, the increase in cholesterol ex-
port could be, at least partially, secondary to in an increase in
lipolysis. Alternatively, it is possible that an LXRa-mediated
increase in cholesterol export depletes lipid droplets of a pro-
tective cholesterol coating, which in turn leads to increased
accessibility of the droplet to lipolysis. Distinguishing among
these and other possibilities awaits further investigation.
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