THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 285, NO. 18, pp. 14031-14041, April 30,2010
© 2010 by The American Society for Biochemistry and Molecular Biology, Inc.  Printed in the U.S.A.

Activation of Canonical Wingless-type MMTV Integration
Site Family (Wnt) Signaling in Mature Adipocytes Increases
B-Catenin Levels and Leads to Cell Dedifferentiation and

Insulin Resistance™

Received for publication, January 11,2010, and in revised form, February 18,2010 Published, JBC Papers in Press, February 23,2010, DOI 10.1074/jbc.M110.102855

Birgit Gustafson and UIf Smith'

From The Lundberg Laboratory for Diabetes Research, Center of Excellence for Metabolic and Cardiovascular Research,
Department of Molecular and Clinical Medicine, the Sahlgrenska Academy, University of Gothenburg, Gothenburg 413 45, Sweden

Canonical Wntligands are secreted by several cell types in the
adipose tissue. We examined if mature adipocytes can also be
target cells and found that canonical Wnt activation by Wnt3a
induced a marked dedifferentiation of both 3T3-L1 and human
adipocytes. Typical adipogenic markers were reduced while un-
differentiated cell markers like Pref-1/Dlk1, Wnt10b, and Gata2
were increased. The cells also became insulin-resistant with
impaired upstream insulin signaling and reduced glucose
uptake. Wnt3a stabilized B-catenin in the absence of the LRP6
receptor and with maintained axin and Dickkopf-1 protein
expression. PPARy was repressed and PPAR+y ligands could not
restore the adipogenic markers or reduce the 3-catenin levels.
The dedifferentiated adipocytes expressed the myofibroblast
marker a-smooth muscle actin and were also susceptible to
osteogenic transdifferentiation. These results identify a novel
pathway in mature adipose cells that is critical for maintaining
the normal adipocyte phenotype and insulin sensitivity.

The wingless-type MMTYV integration site family (Wnt)?
signaling pathway plays a fundamental role during embryo-
genesis and normal cell and organ development. Recent
studies in humans have shown that genetic variants in the
Wnt signaling molecules are associated with obesity, coro-
nary heart disease, hyperlipidemia, and type 2 diabetes
(1-3). Wnt proteins signal through both canonical and non-
canonical pathways involving several intracellular pathways.
The canonical Wnt/B-catenin pathway is highly active in
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mesenchymal precursor cells and directs pluripotent cells
toward adipogenic, osteogenic, or myogenic differentiation.
One of the mediators of the canonical signaling in mesen-
chymal precursor cells is Wnt10b, and constitutive Wnt/3-
catenin signaling favors expression of osteogenic genes at
the expense of adipogenic genes (4). Ectopic expression of
WntlOb impairs the development of the adipose tissue and
transgenic mice are resistant to diet-induced obesity (5, 6). It
has also been shown that Wnt10b deficiency plays a role for
the increased intra-myocellular lipid accumulation that is
associated with aging in mice (7). Active canonical Wnt sig-
naling stabilizes and increases total cellular and nuclear
B-catenin levels, which repress adipogenesis (4), and inhi-
bition of Wnt signaling is necessary for PPARYy induction
and preadipocyte differentiation. Wnt10b, which is highly
expressed in dividing and confluent preadipocytes, is also
rapidly down-regulated during differentiation (5).

Non-canonical Wnt signaling has been less well character-
ized, but at least two non-canonical Wnt signaling pathways
have been proposed: the planar cell polarity pathway and the
Wnt/Ca®>" pathway (8). The non-canonical Wnt signals are
transduced through receptors such as RYK and ROR2 that
cross-link with the Frizzled receptors and transduce the sig-
nal either to the Dishevelled pathway or to the Ca*-depen-
dent Nemo-like kinase pathway, both of which are impli-
cated in activation of the transcription factors T-cell factor/
lymphoid enhancer factor (9, 10). Canonical Wnt ligands
such as Wntl and Wnt3a can also activate the non-canonical
pathway. Activation of the RYK receptor induces both acti-
vation of the mitogen-activated protein kinase pathway
through the Raf/Ras pathway and through Dishevelled (11).
The role of the non-canonical Wnt signaling pathways for
preadipocyte differentiation has, however, not been much
studied.

The mechanisms for the commitment of pluripotent stem
cells into the adipose lineage are poorly understood (12). How-
ever, once committed, the preadipocytes undergo the adipo-
genic program, which requires a coordinate activation of
several pathways, including C/EBPa and PPAR<y. Impaired
preadipocyte differentiation (13), including terminal differenti-
ation to mature adipocytes, has been demonstrated in obesity
characterized by enlarged adipose cells and insulin-resistance.
The impaired (pre)adipocyte differentiation in hypertrophic
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adipose tissue is also associated with an altered pattern of adi-
pokine secretion, increased lipolysis, and free fatty acid release
(14-16).

The adipose tissue contains several Wnt-producing cells, i.e.
preadipocytes, endothelial cells, and macrophages (17-19). In
general, Wnt proteins are produced by cells that have not
undergone full terminal differentiation. Wnt proteins function
either as short- (autocrine) or long-range (paracrine or, possi-
bly, endocrine) signaling proteins. At present, nothing is known
about the ability of Wnt proteins to affect fully differentiated
adipocytes, because all focus has been on their importance for
precursor cell differentiation.

In the present study, we examined the effects of the canon-
ical Wnt ligand, Wnt3a, on differentiation, Wnt signal acti-
vation, insulin sensitivity, and action in fully differentiated
adipose cells. For comparison, we also included TNFq,
because exposure of mature adipocytes to TNFa results in
insulin resistance combined with a reduced expression of
adipogenic genes such as PPARy, C/EBPa, GLUT4, and
APMI and, instead, promotion and local secretion of inflam-
matory cytokines and chemokines (19-21). Remarkably, we
find that fully differentiated adipocytes are highly responsive
to the canonical Wnt ligand-promoting 3-catenin stabiliza-
tion, cell dedifferentiation associated with insulin resistance,
and ability to undergo transdifferentiation.

EXPERIMENTAL PROCEDURES

3T3-L1 Adipocyte Differentiation—3T3-L1 cells were induced
to differentiate as described in (19). Wnt3a (10% of cell cul-
ture supernatant, comparable to 50 ng/ml) and TNF« (20
ng/ml) were added to the cell culture media at day 8 of dif-
ferentiation for the indicated time. Oil Red O staining was
performed as described (22). The adipocytes were counter-
stained with Mayer hematoxylin. Oil Red O was quantified
by dissolving the Oil Red O stain in 2-propanol and mea-
suring optical density at A510 nm.

Wnt3a-conditioned Medium—Mouse L cells (control cells
and Wnt-3a-expressing cells) were obtained from ATCC
(CRL-2648 and CRL-2647, Manassas, VA). The cells were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented
with 10% (v/v) fetal bovine serum and G-418 at 37 °C. At con-
fluency, the cells were split 1:10 and cultured without G-418.
Cell culture media were repeatedly collected each 3 days.
3T3-L1 preadipocytes were differentiated in the presence of
0.5-80% Wnt3a-conditioned medium and using L-cell me-
dium as control. Percent Wnt3a-conditioned medium that
caused total inhibition of differentiation based on APMI,
FABP4, and PPARy2 mRNA expression was determined. In
parallel recombinant mouse Wnt3a (1324-WN, R&D Systems,
UK) was analyzed for quantification.

Osteocyte Differentiation and Mineral Detection—The osteo-
cyte differentiation was induced as described by adding 0.1 um
dexamethasone, 50 uMm ascorbic acid-2-phosphate, and 10 mm
B-glycerolphosphate into Dulbecco’s modified Eagle’s medium
with 10% (v/v) fetal bovine serum (23). Extracellular matrix
mineralization was detected with the von Kossa method (23).

Human Subjects—Abdominal subcutaneous adipose tissue
was obtained from six different subjects by needle biopsies.
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The Ethical Committee of the University of Gothenburg
approved the procedure. The subjects were between 27 and
57 years of age and had a mean body mass index of 23.4 = 3.1
kg/m>.

Human Adipocyte Differentiation—Preadipocytes were iso-
lated from human subcutaneous adipose tissue and differenti-
ated as described (13). Atday 12, when 10% Wnt3a-conditioned
medium and/or 20 ng/ml TNF« was added, pioglitazone was
reduced to 0.1 um. The cells were than left to differentiate for a
further 12 days with change of medium every third day.

Whole Cell Extracts and Western Blots—Whole cell protein
lysates were prepared, and Western blot analyses were per-
formed as described (19). Total protein, 25—40 ug, was loaded
on SDS-PAGE (Cambrex, Biosciences Inc.) gels for each sam-
ple. Immunoblots were performed with the following antibod-
ies: Axin (H-98), WIF-1 (sc-25520), a-SMA (sc-32251), pY (99),
and IR (sc-711) (all from Santa Cruz Biotechnology, Santa Cruz,
CA); LRP6 (AF1505) and DKK1 (MAB 1765) (R&D Systems,
Inc., UK); B-catenin (C19220) and GSK3B (G22320) (BD
Transduction Laboratories); PKB (9272), PKB***73 (9271),
GSK3B%™ (9331), IRS-1 (2382), pERK1/2 (9106), and S-
catenin®*®”® (9567) (all from Cell Signaling, New England Bio-
labs Ltd., UK); ERK1/2 (V803A, Promega Biotech AB, Stock-
holm, Sweden); PPARy2 (MAB3630, Chemicon International,
Inc., Millipore); and GSK38¥2!* (05— 413, Upstate Biotechnol-
ogy, Millipore AB, Sweden). For detection, the membranes
were incubated with secondary antibody for 1 h at room tem-
perature. The bands were visualized either with ECL reagent
(Amersham Biosciences) for x-ray films or with an Immun-Star
HRP Chemiluminescent Kit (Bio-Rad Laboratories) for quanti-
fication with ChemiDoc™ XRS System (Bio-Rad).

Real-time PCR—Total RNA was isolated from the adipocytes
with RNeasy (Qiagen Nordic, Solna, Sweden). Quantitative
real-time PCR was performed by using the TagMan system
(Applied Biosystems, Foster City, CA). Gene-specific primers
and probes were either designed using Primer Express software
(sequences used are available on request), or purchased as
Assay-on-Demand (a-SMA, Runx2, and ET-1, Applied Biosys-
tems). The real-time PCR reaction was essentially performed as
described (19). Relative quantification of mRNA levels was
plotted as -fold change, generally compared with the day 8 (=1)
when additions were made. 18 S ribosomal RNA was used as
endogenous control (Applied Biosystems). Analyses were per-
formed in duplicates, and all experiments were repeated at least
three times.

Glucose Transport into 3T3-L1 Adipocytes—Cellular uptake
of 2-deoxy-p-[1->H]glucose (TRK383, Amersham Biosciences)
was measured after incubation of the adipocytes in low glucose
medium with 0.1% (wt/v) bovine albumin for 3 h. Glucose
transport was initiated after stimulation with 100 nm insulin for
30 min. The preincubation medium was removed by washing
the adipocytes with warm (37 °C) phosphate-buffered saline/
0.1% (w/v) bovine serum albumin, and 1 uCi of [*H]glucose was
added to the incubation media (phosphate-buffered saline/
0.1% (w/v) bovine serum albumin) for 10 min. Glucose trans-
port was stopped by adding phloretin (Sigma-Aldrich) to a final
concentration of 50 um. The adipocytes were washed carefully
with ice-cold phosphate-buffered saline and lysed in 0.2 M
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FIGURE 1. Wnt3a promotes morphological changes of mature 3T3-L1 adipocytes. Microscopy was
performed on Oil Red O- and hematoxylin-stained 3T3-L1 adipocytes stimulated with either 10%
Wnt3a-CM or 10% of L-cell medium (control medium) or 20 ng/ml TNF« for different time periods: A-C, 9
days; D-1, 6 days; and J-L, 3 days. A, adipocytes with control medium; B, Wnt3a-induced cluster formation;
and C, TNFa-stimulated adipocytes. D, close examination of control adipocytes showing filled lipid drop-
lets and E, Wnt3a-stimulated adipocytes with irregular morphology of the lipid droplets and a decrease in
lipid droplets size. F, enlarged view of the TNFa-stimulated adipocytes showing the remainder of many
dead cells. Gand H, from the clusters formed by Wnt3a migration, many elongated small cells that had lost
most of their lipids. /, the Wnt3a-dedifferentiated adipocytes filled up the empty spaces between the
cluster formations. Jand K, Wnt3a-induced formations similar to tubules. L, magnification of marked area

in K.

NaOH. Part of the lysate was counted in a scintillation counter,
and the remaining part was used for protein determination
(Bradford Reagent, Sigma-Aldrich).

Statistical Analyses—Conventional statistical methods were
used to calculate means = S.E. Student’s paired ¢ test was used
to compare differential gene expression between untreated and
Wnt3a/cytokine-treated samples. Differences were considered
statistically significant at p < 0.05 level.

RESULTS
Wnt3a Promotes Dedifferentiation of 3T3-L1 Adipocytes
Morphological Changes—Within 24 h, 3T3-L1 adipocytes
stimulated with Wnt3a-conditioned medium showed a pro-
nounced increase in migration rate with a massive cluster
formation (Fig. 1, B and G) that was not seen in control cells
(Fig. 1A). This was also associated with a marked decrease
in number and size of the lipid droplets (Figs. 1D, 1E, and
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3A). Furthermore, Wnt3a induced
the appearance of a large number
of proliferating cells containing
many small lipid droplets and with
the morphology of fibroblasts
migrating from the clusters (Fig. 1,
G-I).

Astonishingly, the proliferating
cells also formed structures resem-
bling tubuli formation (Fig. 1, /-L).
These structures were induced after
~3 days with Wnt3a. Close exami-
nation of the Wnt3a-treated cells
showed lipid-containing cells with a
fibroblast-like morphology and that
divided symmetrically (Fig. 2). The
increased proliferation was also
verified with bromodeoxyuridine
incorporation (see supplemental
Fig. 1). Thus, a canonical Wnt
ligand rapidly alters both the
morphology and migration of fully
differentiated adipose cells and pro-
motes proliferation of cells contain-
ing lipid droplets; i.e. it induces a
pro-oncogenic pattern in fully dif-
ferentiated cells. It is likely that Wnt
3a also exerted an anti-apoptotic
effect, but this was not examined in
detail. In contrast, TNF« induced a
rapid loss of cellular lipids (Fig. 1C)
and, after 4—6 days, a marked apo-
ptosis of the adipocytes as also pre-
viously reported (Fig. 1F) (25). The
massive migration and cluster for-
mation caused by Wnt3a was not
induced in the presence of TNFq,
and neither tubuli formation nor
lipid-containing dividing cells were
seen (data not shown).

Although Wnt3a could hypothet-
ically promote myogenic differentiation with fusion of cells, the
hypothesis of transformation of adipocytes into a myocyte lin-
eage was not confirmed, because MyoD gene expression was
not induced in the Wnt3a-treated adipocytes (data not shown).

Taken together, Wnt3a promotes loss of lipid droplets,
increased mitogenesis, and mobility as well as cluster formation
in 3T3-L1 adipose cells while TNFa promotes apoptosis. The
gradual reduction of the total cellular lipid content measured
with Oil Red O is summarized in Fig. 34.

Gene Expression—These results are consistent with the
induction of a dedifferentiation process in the fully differenti-
ated 3T3-L1 adipocytes. To examine this, we also analyzed the
expression of adipogenic genes in the cells. In the presence of
Wnt3a, the expression of lipoprotein lipase was decreased with
~40% (Fig. 3B), and Wnt3a also induced an overall reduction of
all tested adipogenic markers, including PPARy2, FABP4,
APMI, and GLUT4 (Fig. 3B). Interestingly, addition of the
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FIGURE 2. Wnt3a-induced proliferation of dedifferentiated 3T3-L1 adipocytes. Cells containing small lipid
droplets undergo mitosis in the presence of Wnt3a. Oil Red O and hematoxylin staining of fully differentiated

3T3-L1 adipocytes stimulated with 10% Wnt3a-CM for 72 h.

PPARY ligand, pioglitazone, was unable to prevent this effect
(see supplemental Fig. 2, A and B). Taken together, these results
are consistent with a dedifferentiation of mature adipose cells
by the canonical Wnt ligand.

Wnt3a Induces Activation of the MAPKs ERK1 and ERK2

As expected, the presence of Wnt3a increased the phosphor-
ylation of ERK1/2, and this effect was not related to altered ERK
protein levels (Fig. 3C). However, in contrast to TNF«, Wnt3a
did not increase the phosphorylation of either ]NK1 or p38
(data not shown). Thus, the mitogenic effect of Wnt3a is also
reflected by the ERK1/2 activation in agreement with what has
been shown in NIH 3T3 cells (26).

Dedifferentiation of Human Adipocytes

To establish whether Wnt3a also induced dedifferentiation
of human adipocytes, we differentiated isolated preadipocytes
from human subcutaneous tissue into adipocytes for 12 days
and, subsequently, incubated the adipocytes with Wnt3a for
another 12 days in the presence of the PPARY ligand pioglita-
zone in the culture medium. Wnt3a induced a marked decrease
in the number and size of the lipid droplets also in these cells
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(Fig. 3D). Increased motility and
migration was also seen but re-
quired a longer incubation with
Wnt3a (3 weeks, Fig. 3E), but
human preadipocytes also grow
much more slowly than 3T3-L1
cells. To confirm the induction of
dedifferentiation, we analyzed adi-
pogenic markers and, as shown in
Fig. 3F, all genes were significantly
repressed 25—60%. This was also
seen in the presence of TNFa
(Fig. 3F). Thus, activation of the
canonical Wnt signaling pathway
with Wnt3a suppresses adipo-
genic markers in both human and
3T3-L1 adipocytes consistent with
the induction of dedifferentiation.
These effects were not prevented
by the continued presence of a
PPARvy ligand in the incubation
medium showing that the ability of
PPARYy to become activated by
ligands is impaired in the presence
of Wnt3a.

Induction of DIk1 (Pref-1), Wnt10b,
and Gata2 in Dedifferentiated
3T3-L1 Adipocytes

Dlki (preadipocyte factor-1,
Pref-1) is only expressed in preadi-
pocytes and is rapidly and, as sug-
gested, irreversibly down-regulated
when preadipocytes undergo adi-
pose conversion (26). Accordingly,
addition of TNFa does not reverse
the normal decrease in DIkl expression in differentiating
3T3-L1 preadipocytes or induce DIk in adipocytes (Fig. 44) as
also previously reported (19, 27). In contrast to TNFa, Wnt3a
markedly increased the expression of DIkI in mature 3T3-L1
adipocytes (Fig. 4A) further supporting a dedifferentiation of
the cells. Wnt10b, another marker of undifferentiated cells, was
also increased in the presence of Wnt3a (Fig. 4B). Similarly,
Gata2, was strongly induced by Wnt3a (Fig. 4C).

One important mechanism for dedifferentiation of adi-
pose cells is inhibition of PPARy activation, although this is,
by itself, not sufficient to induce a marked dedifferentiation
(28). Wnt ligands prevent PPARYy activation during preadi-
pocyte differentiation (19, 29), and the effects of Wnt3a were
not prevented by the presence of a PPARy ligand. As
expected, we also found that both TNFa and Wnt3a inhib-
ited PPARy activation by thiazolidinedione in a reporter
assay with 3T3-L1 preadipocytes (see supplemental Fig.
2, C and D). However, because both Wnt3a and TNF« inhib-
ited ligand activation of PPARY, although Wnt3a induced a
more pronounced dedifferentiation, PPARY inhibition was
not sufficient by itself to explain the pronounced effect of
canonical Wnt activation.
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FIGURE 3. Wnt3a-induced dedifferentiation of mouse 3T3-L1 adipocytes and human in vitro differentiated adipocytes. A, Wnt3a decreased lipid
accumulation in 3T3-L1 adipocytes. Oil Red O uptake (n = 3). The data are normalized against control values (=1) at each time point. B, quantitative real-time
PCR of the adipogenic differentiation markers LPL, FABP4, adiponectin (APM1), GLUT4, and PPARy2 in Wnt3a-treated 3T3-L1 adipocytes. Expression levels of the
genes was first normalized to 18 S rRNA and then normalized to expression levels in the control sample (=1) at each time point (n = 6, LPL n = 4). Data are
presented as the mean = S.E. *, p < 0.05; **, p < 0.02; and ***, p < 0.002, compared with untreated adipocytes. C, cell lysates from Wnt3a-incubated 3T3-L1
adipocytes were blotted with antibodies as indicated. Wnt3a induced activation of ERK1/2. Blots from replicate experiments are analyzed. D, human preadi-
pocytes isolated from subcutaneous adipose tissue were first differentiated to adipocytes for 12 days and then incubated with 10% Wnt3a-CM containing 0.1
um pioglitazone for additional 12 days (Oil Red O staining). £, human in vitro differentiated adipocytes treated with Wnt3a for 21 days, added at differentiation
day 12, showing cluster formation. F, Wnt3a reduced several genes related to mature adipocytes. Quantitative gene expression for FABP4, PPARy2, adiponectin
(APM1), and C(/EBPa in human Wnt3a- and TNFa-treated adipocytes, Wnt3a (W) and TNFa (7). The data were fist normalized to 18 S rRNA and then normalized
to expression levels in the control sample (=1). Data indicate mean = S.E. (n = 6); *, p < 0.05; **, p < 0.02; and ***, p < 0.002, compared with untreated
adipocytes.
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has also been shown to recruit mes-
enchymal precursor cells to the adi-
pocyte lineage (31), whereas Runx2
is essential for ossification and
placed downstream of BMPs (30).
Because canonical Wnt signaling
promotes osteogenesis in osteo-
genic cells, we investigated if expo-
sure to Wnt3a could allow transdif-
ferentiation of the dedifferentiated
adipocytes to the osteocyte lineage.
Both Bmp4 and Runx2 were in-
creased in the presence of Wnt3a
(Fig. 5, A and B), and the addition of
osteogenic medium induced miner-
alization visualized with von Kossa
staining (Fig. 5C, 1, I, and IV), which
was not seen in the absence of
Wnt3a (Fig. 5C, III). Positive von
Kossa staining was particularly seen
around cells with a few lipid drop-
lets showing that these cells were
dedifferentiated and most prone
to transdifferentiation. Taken to-
gether, these data show that a
canonical Wntligand induces dedif-
ferentiation of mature adipocyte,
which is sufficient to allow them to
enter the pathways required for an
osteogenic phenotype.
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expression; for evaluation of data, see above.

Induction of a-SMA in 3T3-L1 Adipocytes

a-Smooth muscle actin («-SMA) is found in pericytes, vas-
cular smooth muscle cells, and mesenchymal stem cells. Wnt3a
induced a rapid and marked (~40-fold) increase in a-SMA
expression in the 3T3-L1 adipocytes, whereas this effect was
marginal for TNFa (Fig. 4, D and E). To further confirm activa-
tion of genes that could be responsible for a myofibroblastic
phenotype we analyzed the expression of endothelin-1 (ET-1/
Ednl), which was induced 4-fold with Wnt3a (Fig. 4F). In human
adipocytes, ET-1 was already highly expressed and did not increase
further in the presence of Wnt3a (Fig. 4G), whereas TNFa signif-
icantly increased the expression of ET-1. Thus, a differential
response was seen between human and murine cells in the activa-
tion of the E7-1 gene by TNFo and Wnt3a.

Induction of Osteogenesis in Dedifferentiated 3T3-L1
Adipocytes

Induction of osteogenesis in progenitor cells requires sup-
pression of C/EBPa and PPARvy to alter cell fate (30). The
pleiotrophic bone morphogenetic protein (BMP) 4 is mainly
related to the ability to induce ectopic bone formation, but it
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Wnt3a Induces Insulin Resistance in
3T3-L1 Adipocytes

Because the 3T3-L1 adipocytes
underwent dedifferentiation in the
presence of Wnt3a, we also evalu-
ated the effect on insulin sensitivity
and action. 3T3-L1 adipocytes were incubated with Wnt3a for
72 h prior to the glucose transport assay. Wnt3a significantly
decreased both basal and insulin-stimulated glucose transport
in the adipocytes (Fig. 6A4). There was also a marked decrease in
the insulin-stimulated tyrosine phosphorylation of the insulin
receptor (IR) as well as the insulin receptor substrate-1 (IRS-1)
(Fig. 6B), whereas there were no differences in the IR or IRS-1
proteins (Fig. 6B). pS307 of IRS-1 was also not increased in the
presence of Wnt3a (data not shown). We also examined insu-
lin-induced phosphorylation of PKB*"*”? and found a signifi-
cant reduction with Wnt3a (Fig. 6, C and D).

Taken together, Wnt3a gradually dedifferentiates mature
3T3-L1 adipocytes, and this is accompanied by insulin resis-
tance with a decrease in Glut4 expression, insulin-stimulated
tyrosine phosphorylation of IR and IRS-1, and activation of PKB
at an early stage (72 h).

Wnt3a Increases [3-Catenin in Mature 3T3-L1 Adipocytes
through an Impaired Degradation

We asked if Wnt3a could induce stabilization of B-catenin in
mature adipocytes. To address this question, we incubated
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FIGURE 5. Wnt3a promotes osteogenesis in 3T3-L1 adipocytes. A, 3T3-L1 adipocytes were incubated with
Wnt3a-CM for the indicated time points. Quantitative real-time PCR of the osteogenic transcription factors
Bmp4and Runx2 (B). The data were first normalized to 18 SrRNA and then normalized to expression levels in the
control sample (=1). Data in A and B represent means * S.E. from four independent experiments; *, p < 0.05;
** p < 0.02; ***, p < 0.002, compared with untreated. In C:/, I/, and IV, adipocytes were incubated in osteocyte
mineralization medium in the presence of Wnt3a-CM; /ll, Wnt3a-CM was omitted; /-IV, on day 12, cellular
mineralization was visualized with von Kossa staining; and /ll-1V, double staining with Oil Red O.

A C
()]
E 20
~
©
E 15
o=
X &10
2 g pS-PKB — L/
o 5 PKB gy "
§ Insulin -+ -+
E 0
o 5 Lo 5 52 Control Wnt3a
Q o F c [
o ot = =+
. D g
pY-IRS-1 P |-
IRS-1 Ll R 3
£
Insulin -+ -+ g
Contr Wnt3a =
. >
e
pY-IR - E
IR o o %
Insulin -+ -+ g
Contr Wnt3a Contr Wnt3a

FIGURE 6. Wnt3a-induced insulin resistance in 3T3-L1 adipocytes. A, adi-
pocytes were incubated with/without Wnt3a-CM for 72 h before stimulation
with 100 nm insulin for 30 min. Glucose uptake was initiated for 10 min.*, p <
0.05; **, p < 0.02. B, Wnt3a caused a reduction in the insulin-stimulated phos-
phorylation of both IR and IRS-1. Expression of IR, IRS-1 proteins, and tyrosine
phosphorylation was analyzed by Western blotting. C, Wnt3a-induced reduc-
tion of PKB**"*”3 phosphorylation. The adipocytes were incubated with/with-
out Wnt3a for 72 h before stimulation with 100 nm insulin for 30 min. Cell
lysates were prepared and blotted with the indicated antibodies. D, quanti-
tative protein immunoblot analyses from four independent experiments
were performed to determine relative levels (mean * S.E.) of PKB**"*’3 phos-
phorylation from C.

mature 3T3-L1 adipocytes with Wnt3a-conditioned medium
and measured 3-catenin protein and key molecules involved in
the canonical Wnt signaling pathway. Wnt3a-conditioned
medium increased the cellular B-catenin levels after 8 h and
maintained elevated 3-catenin levels throughout the 16 days of
incubation (Fig. 74 and supplemental Fig. 3). TNFa also
increased the cellular B-catenin levels, although to a lesser
extent and after a delay of ~24 h (Fig. 7A and data not shown).
The increased cellular B-catenin levels were not due to an
increased transcription of the gene, because 3-catenin mRNA
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levels were only slightly and tran-
siently increased; i.e. no increase
was seen by either Wnt3a or TNFa
after 4 days of exposure (see sup-
plemental Fig. 4). The increased
B-catenin levels following Wnt3a
and TNFa were also targeted for
nuclear localization because serine
B-catenin®®”> was also increased
(Fig. 7B).

Thus, Wnt3a increased total cel-
lular and B-catenin®™”® levels in
the absence of any clear changes in
mRNA expression, which suggests
a reduced f-catenin degradation
and/or a stabilization of B-catenin
through a restitution of the upstream canonical Wnt signaling
cascade. To address the possibility that Wnt3a increased the
B-catenin levels through repressed PPARY, because PPARYy
activation increases B-catenin degradation (32), we incubated
the dedifferentiated 3T3-L1 cells with the PPARYy ligand, rosi-
glitazone. As shown in Fig. 7C, PPARYy activation decreased
B-catenin levels in the control cells but had no effect in the
Wnt3a-incubated cells. This was verified in three separate
experiments where rosiglitazone significantly reduced B-cate-
nin levels in control cells by 30% (p = 0.003), whereas no reduc-
tion at all was seen in the presence of Wnt3a.

Taken together, these results are consistent with a decreased
proteasomal degradation of B-catenin that could be a conse-
quence of PPARy repression. To further validate this, we incu-
bated control, Wnt3a-expoased, and TNFa-exposed cells with
the proteasomal inhibitor lactacystin. As shown in Fig. 7D, lac-
tacystin increased -catenin levels in control cells while no dif-
ference was seen in cells incubated with Wnt3a or TNFa.
Because the ability of a PPARvy ligand to decrease cellular
B-catenin levels also was inhibited in the presence of Wnt3a,
these results support an important role of PPARy activation in
maintaining the adipocyte phenotype by promoting -catenin
degradation.

To further address the mechanisms for the stabilized B-cate-
nin levels, we examined if also the canonical Wnt-signaling
pathway was restituted and activated. However, the Wnt co-
receptor LRP6 that is degraded during differentiation of prea-
dipocytes to adipocytes remained absent (Fig. 7E). Axin, the
rate-limiting protein in the canonical Wnt signaling pathway, is
rapidly degraded following activation of the canonical Wnt sig-
naling cascade. Again, axin was present and not affected by
Wnt3a-stabilized B-catenin or by TNFa« (Fig. 7A). TNFe, but
not Wnt3a, reduced the expression of the Wnt antagonist
DKK1 (Fig. 7F). DKK1 binds to the LRP receptors and, thereby,
negatively regulates Wnt-signaling. Also other inhibitors of
Wnt signaling, Wif-1, sFRP1, and sFRP2, that bind to the Friz-
zled receptors were unaffected by both Wnt3a and TNF« (Fig.
7G and data not shown). To exclude that the stabilization of
B-catenin was due to inactivation of GSK3p, which is required
for targeting 3-catenin for proteasomal degradation, we exam-
ined GSK3B phosphorylation and activity. However, neither
the inactivating GSK38"™ nor the activating GSK38Y>'* phos-
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FIGURE 7. Stabilization of 3-catenin by Wnt3a or TNF« despite down-regulation of the canonical Wnt-
signaling pathway in 3T3-L1 adipocytes. A, Wnt3a-induced stabilization of B-catenin in the presence of axin.
Western blotting was performed on extracts from Wnt3a- and TNFa-incubated adipocytes with the indicated
antibodies. B, rosiglitazone had no effect on Wnt3a-induced stabilization of B-catenin®"’® phosphorylation,
important for nuclear translocation, or total B-catenin protein levels (C). Visualization of B-catenin®*"*’* and
total B-catenin was analyzed with Western blotting. D, the proteasomal inhibitor lactacystin had no effect on
Wnt3a- or TNFa-stabilized B-catenin. Adipocytes were harvested at the indicated times points, and Western
blot was performed on cell lysates. E, Western blotting was performed on extracts from Wnt3a- and TNFa-
incubated adipocytes to test for changes in the LRP6 receptor when B-catenin was stabilized. Cell lysates from
preadipocytes were included to show LRP6 protein expression. F, Wnt3a did not affect the protein levels of the
Wnt inhibitors DKK1 or Wif-1 (G). Western blotting was carried out with the indicated antibodies. H, Western
blotting was performed on extracts from Wnt3a- and TNFa-incubated adipocytes to test for changes in acti-
vating GSK38Y2" and inactivating GSK33°*" phosphorylations. A-H, blots from replicate experiments were

blast phenotype and, under appro-
priate conditions, to become sensi-
tive to osteogenic stimuli with
mineralization.

DISCUSSION

A key novel finding of the present
study is that fully differentiated
3T3-L1 and human adipose cells are

analyzed.

phorylations were changed by the presence of Wnt3a (Fig. 7H).
We also measured total GSK3p activity in cell lysates but saw
no effect of Wnt3a on GSK3p activity in differentiated 3T3-L1
cells (see supplemental Fig. 5).

Induction of Inflammation

We examined the effect of Wnt3a and TNFa on inflamma-
tory genes in the adipocytes. Unlike TNFe, which dramatically
induces expression of chemo- and cytokines, Wnt3a was virtu-
ally without any effect on inflammatory molecules. A small
(4-fold) increase in monocyte chemoattractant protein-1
(MCP-1/Ccl2) was seen with Wnt3a while TNF« increased
Mcp-1 > 100-fold (see supplemental Fig. 6). Furthermore,
Wnt3a did not induce expression of the pro-inflammatory
genes [I-1B or 1I-6 (see supplemental Fig. 5).

Thus, Wnt3a like TNFq, represses PPARy activity and stabi-
lizes B-catenin levels in mature adipocytes leading to a dedif-
ferentiation of the cells. However, it is also clear that there are
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responsive to a canonical Wnt
ligand and that this is associated
with pro-oncogenic changes, in-
cluding elevated B-catenin levels, increased mitogenesis, motil-
ity, and dedifferentiation of the cells associated with a potential
for transdifferentiation. However, this effect is not due to a
restitution of the normal canonical Wnt signaling pathway,
because it remained virtually unchanged to that of normally
differentiated adipocytes with maintained axin protein and
degraded LRP6. GSK3p activity, like B-catenin mRNA levels,
was also unchanged suggesting that other downstream degra-
dation pathways were impaired. This was further supported by
the finding that the increased degradation of -catenin seen in
the presence of a PPARY ligand was abolished by Wnt3a.
Furthermore, proteasomal inhibition by lactacystin in-
creased the B-catenin levels in control cells, but had no effect in
cells incubated with Wnt3a or TNFa supporting that this path-
way was already inhibited. Taken together, our results support
the conclusion that the increased B-catenin levels were mainly
a result of the repressed PPARvy leading to a reduced degrada-
tion of B-catenin and induction of dedifferentiation of the cells.
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This, in turn, means that PPARYy activation is required to keep
the adipocytes differentiated and that the effect on B-catenin
proteasomal degradation plays a important role for this.
Although an effect of PPARy activation on 3-catenin degrada-
tion has been shown previously (32), the detailed molecular
mechanisms for this are still unclear and require further
studies.

PPAR'y activation was markedly repressed, but Wnt3a only
had a minor effect on PPARy protein levels. In agreement with
this, it has been shown that Wnt signaling prevents activation
but does not alter translation or stability of the PPARYy protein
(32). It has also been shown that B-catenin can interact with
PPAR'y and that this is associated with a repression of PPARYy
(33, 34). In addition, Wnt ligands, through B-catenin, have
recently been shown to activate the anti-adipogenic repressor,
COUP-TFII, which recruits SMRT to repress PPARyactivation
(29).

It is also intriguing that TNFa induces a similar effect on the
B-catenin levels in the mature adipocytes and the associated
PPARy repression. This link between the canonical Wnt path-
way and inflammation has previously been documented in
3T3-L1 preadipocytes (19, 35) and seems to be specific for
TNFa, because we have not seen any similar cross-talk for
monocyte chemoattractant protein-1 or resistin (36), whereas
IL-6 does induce some activation in 3T3-L1 cells (19). Taken
together, these results show that a canonical Wntligand, as well
as TNFq, increases (-catenin levels in both undifferentiated
preadipocytes and differentiated adipocytes.

It is clear that Wnt3a can dramatically force mature 3T3-L1
adipocytes, like human adipocytes, into an immature pheno-
type with reduced expression of the typical adipocyte- and
PPARYy-associated genes like C/EBPa, APMI1, FABP4, and
GLUT4 while, instead, genes such as Dlk1, Gata2, and Wnt10b,
which are characteristic of and highly expressed in undifferen-
tiated preadipocytes, are induced. Moreover, the dedifferenti-
ated adipocytes have the ability to enter the cell cycle and pro-
liferate (Fig. 2). Proliferation of NIH3T3 fibroblasts has been
shown to be regulated both by the ERK- and B-catenin-signal-
ing pathways in accordance with our results (37).

Adipocytes are derived from mesenchymal stem cells, and
conversion of stem cells to preadipocytes involves steps where
the cell has lost its potential to differentiate into other cell types.
One important prerequisite is down-regulation of the Wnt sig-
naling. The last step in the commitment is when the preadipo-
cyte enters terminal differentiation to the adipocyte. Termi-
nally differentiated cells have, therefore, been considered
incapable of reversing this process (38). Reversal of differentia-
tion is a process that, so far, has only has been documented in
amphibian cells. However, a recent study indicates that human
mature adipocytes, exposed to the dedifferentiation procedure
of ceiling culture, can gain capacity to proliferate again (39). We
observed that <5% of the 3T3-L1 cells did not accumulate sig-
nificant amounts of lipids at differentiation day 8, and it is
unlikely that these potentially less differentiated cells could
affect the result. In fact, the cells undergoing mitosis in the
presence of Wnt3a contained lipid droplets (Fig. 2), and there is
no differentiation at all in preadipocytes exposed to Wnt3a in
the differentiation mixture (13, 19, 40).
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Directional cell migration requires establishment of cell
polarity to create a leading edge, including establishment of
new matrix contacts, whereas adhesion is disassembled at the
trailing edge. Migration also usually requires matrix remodel-
ing (41). The impressive migration and cluster formation
induced by Wnt3a is more reminiscent of a myofibroblastic or a
smooth muscle phenotype rather than adipocytes. Adipocyte
migration was also noticeably one-sided into the clusters (Fig. 1,
Band G).

Our striking finding, that the contractile protein a-SMA,
highly expressed in myofibroblasts and a marker for pericytes
and induced by ET-1, was markedly up-regulated in the adipo-
cytes, further shows that the adipocytes were able to adopt an
immature phenotype (42). Wnt3a has previously been shown to
induce ET-1 in murine fibroblasts and induce proliferation of
melanocytes (43, 44). However, there was a clear species differ-
ence in this regard, because TNFe, rather than Wnt3a, acti-
vated E7-1 in the human cells. The mechanisms for this differ-
ence are currently unclear.

Wnt3a induced a marked decrease in number and size of the
lipid droplets as well as in genes important for maintaining
adipocyte metabolism, insulin sensitivity, and action. This is
likely to be secondary to the repressed PPARY2, but a more
pronounced dedifferentiation requires additional restitution of
important early molecules related to the undifferentiated state
like Gata2 (28) and DikI. Consistent with this, the dedifferen-
tiated cells rapidly (72 h) became insulin-resistant, measured as
a decreased insulin-stimulated glucose transport as well as
decreased tyrosine phosphorylation of the insulin receptor,
IRS-1, and PKB*"*”? phosphorylation. The mechanism for the
reduced upstream tyrosine phosphorylation is unclear, but it
could be due to the increased ERK1/2 activation (45) and/or
increased phosphotyrosine phosphatase activity such as PTP1b
(46). Whether Wnt 3a inhibits the receptor tyrosine kinase
activity also remains to be established. Importantly, however,
the effect of Wnt3a differs from that of TNF«, because IRS-1
protein levels were unchanged further supporting our finding
that Wnt3a does not increase the pro-inflammatory response in
the adipocytes. Consistent with this, Wnt3a did not activate
JNK1/2 or p38. In contrast, TNF« increases serine phosphory-
lation of IRS-1 following activation of JNK kinases leading to its
degradation and insulin resistance (47).

Intriguingly, we found that mature adipocytes exposed to
Wnt3a, but not TNFa, have the potential to assume an imma-
ture phenotype and express genes related to osteogenic cells
with activation of Runx2 and Bmp4. Activation of Wnt signal-
ing rapidly suppresses expression of the transcription factors
PPARvy and C/EBPa, and, in mesenchymal stem cells, this sup-
pression allows an increase in osteogenic transcription factors
(30). Suppression of PPARY is necessary for osteogenesis,
because the interaction with PPARy prevents Runx2 from
binding to DNA (30). So far, Wnt10b is a likely candidate for
activation of osteogenic factors, but other candidates are
Wnt7b and Wnt3a, also expressed in mesenchymal precursor
cells (48, 49). Surprisingly, the expression of Wif-1, sFRP1, and
sFRP2 as well as DKK1 remained in the presence of Wnt3a in
the adipocytes. DKK1 is generally considered to be an inhibitor
of osteoblastogenesis (24). In contrast, TNFa reduced DKK1
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expression, which may contribute to its ability to activate the
Wnt pathway.

In conclusion, we here show that the canonical Wnt ligand,
Wnt3a, induces dedifferentiation of mature adipocytes and that
this is associated with increased B-catenin levels, PPARvy
repression, insulin resistance as well as increased mitogenesis
and migration of the cells. Increased B-catenin levels and
PPARvyrepression are also seen with TNFa and, thus, are likely
common effects of repressors of PPARY. This suggests that
PPARvy activation is critical for the maintained adipocyte phe-
notype, including for B-catenin degradation. However, trans-
differentiation requires additional steps than just PPAR<y
repression such as re-expression of markers of the undifferen-
tiated state like DLK1 and GATA2. It is also intriguing that
there is cross-talk between TNF« and the canonical Wnt path-
way in both preadipocytes (19, 35) and mature adipocytes.
Thus, the adipose tissue in obesity with enlarged adipose cells
and concurrent inflammation may be characterized by Wnt
activation with impaired adipogenesis. In fact, we have recently
found that several markers of canonical Wnt activation are
increased and that preadipocyte differentiation is reduced in
human obesity characterized by enlarged adipocytes (13).

Wnt3a lacks a pro-inflammatory effect and allows transdif-
ferentiation to myofibroblasts or, after appropriate stimuli, to
an osteogenic lineage. These results further support the plastic-
ity of adipocytes and suggest that these cells can be used for
cellular engineering. Finally, the finding that a canonical Wnt
ligand can induce dedifferentiation of fully differentiated cells
also raises the question whether newly induced mutations or
other perturbations in this signaling cascade, as seen in colon
cancer and several other cancers, allows differentiated cells to
regress to an undifferentiated pro-mitogenic and pro-onco-
genic phenotype such as the cancer stem cells.
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