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The WNT Inhibitor Dickkopf 1 and Bone Morphogenetic
Protein 4 Rescue Adipogenesis in Hypertrophic Obesity

in Humans

Birgit Gustafson and Ulf Smith

Overweight characterized by inappropriate expansion of adipose
cells (hypertrophic obesity) is associated with the metabolic
syndrome and is caused by an inability to recruit and differentiate
new precursor cells. We examined the role of bone morphoge-
netic protein 4 (BMP4) and WNT activation in the regulation of
human adipose cell differentiation. Cluster of differentiation (CD)
147/45* and CD31" cells were first removed before the remaining
stromal vascular cells of human subcutaneous biopsy specimens
were differentiated with/without different WNT inhibitors and/or
BMP4. Inhibition of WNT and induction of Dickkopf 1 (DKK1)
were markers of precursor cells undergoing excellent differenti-
ation. The addition of DKK1 inhibited WNT activation and pro-
moted adipogenesis in cells with a low degree of differentiation.
The positive effect of DKK1, inhibiting cellular WNT activation by
binding to the Kremen/LDL receptor-related protein receptors,
was not seen with inhibitors of secreted WNT ligands. BMP4
increased differentiation, and BMP4 in the presence of DKK1
produced an additive effect. There was an apparent cross-talk
between differentiation and commitment because BMP4 expres-
sion increased in differentiating adipocytes, and the addition of
the BMP4 inhibitor, Noggin, reduced precursor cell differen-
tiation. Thus, differentiated human adipose cells can promote
adipogenesis via endogenous BMP4 activation, and the im-
paired adipogenesis in hypertrophic obesity is mainly due to
an inability to suppress canonical WNT and to induce DKKI1.
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ur current understanding of adipose tissue de-

velopment in human is that the major pool of

preadipocytes develops before puberty, and

after this, there is a 10% annual adipose cell
turn-over (1). Interestingly, research has also shown that
individuals with inappropriately enlarged adipose cells
for a given BMI (hypertrophic obesity) in the abdominal
subcutaneous tissue are characterized by a reduced re-
cruitment of new cells, suggesting that this is causally re-
lated to the development of hypertrophic obesity (2). More
important, we have recently shown that adipose cell size in
the abdominal subcutaneous region is, for a given BMI,
considerably larger in individuals with a genetic pre-
disposition for type 2 diabetes than in subjects lacking
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a known heredity or in those with a heredity for over-
weight/obesity (3,4). These findings link heredity for type
2 diabetes to the development of hypertrophic obesity.
Furthermore, hypertrophic adipocytes, even in the absence
of obesity per se, are associated with several markers of
a dysregulated adipose tissue and systemic as well as local
insulin resistance (4,5).

In agreement with these in vivo findings, we recently
showed that the ability of subcutaneous adipose tissue
stromal vascular cells (stromal cells) to undergo adipogenic
differentiation was markedly reduced in hypertrophic obe-
sity and that the degree of impairment was positively cor-
related with adipose cell size of the donor (6). Interestingly,
this did not appear to be a consequence of a reduced
number of early precursor cells because the number of
cluster of differentiation CD133* cells was actually in-
creased (6). Together, these findings suggest that hyper-
trophic obesity is due to an apparent genetic impairment
in the ability to recruit and differentiate new subcutaneous
adipose precursor cells. This, then, promotes inappropriate
cell enlargement, inflammation, and a dysregulated adipose
tissue that will favor ectopic lipid accumulation and the de-
velopment of a metabolically obese phenotype (3,4).

Recruitment and differentiation of adipose precursor
cells are regulated by the wingless-type mouse mammary
tumor virus (MMTYV) integration site family (WNT) signaling.
Thus, a possible mechanism for the perturbed adipogenesis
in hypertrophic obesity is an inability to adequately suppress
WNT activation in precursor cells.

Secreted WNT ligands signal through both canonical and
noncanonical pathways. The canonical WNT/B-catenin
pathway is highly active in precursor cells and directs
multipotent mesenchymal stem cells (MSC) toward adipo-
genic, osteogenic, or myogenic differentiation (7,8). The
detailed molecular mechanisms for the commitment of
multipotent cells into the adipose lineage are poorly under-
stood (9). However, once committed, preadipocytes can un-
dergo the adipogenic program leading to activation of the
dominant adipose regulator peroxisome proliferator-activated
receptor (PPAR)-y as well as the CCAAT/enhancer binding
protein (C/EBP) proteins (9,10).

WNT signaling can be inhibited by different secreted
antagonists (11) including soluble Frizzled-related proteins
(sFRP) 1 and 2, WNT inhibitory factor (WIF) 1 and the
Dickkopf (DKK) proteins (12-14). DKK1 inhibits WNT
signaling by binding as a high-affinity antagonist to the
coreceptors LDL receptor-related proteins (LRPs) 5/6 and
Kremenl and 2, thereby preventing formation of the active
LRP/Frizzled complex. sSFRPs and WIF'1 proteins bind to the
secreted WNT ligands and thereby inhibit activation (15).
Consistent with the importance of canonical WNT ac-
tivation, transfection of human MSC isolated from adipose
tissue with small interfering RNA (siRNA) for DKK1 reduced
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adipogenesis (16). We, and others, have shown that Dkk1
is highly expressed in differentiated 3T3-L1 adipocytes and
is induced by the PPAR-y agonists (17-19). Thus, acti-
vation and secretion of DKK1 might be a mechanism
whereby PPAR-vy can help terminate the WNT signal and
promote adipogenesis (16,19).

Bone morphogenetic proteins (BMPs) are members of
the transforming growth factor-§ superfamily and have been
shown to play an important role in the commitment of
multipotent precursor cells to the adipocyte lineage (20-22).
Most of the effects of the BMPs are mediated through type 1
and type 2 receptors. Interestingly, specific genotypes of the
BMPR isoforms BMPR1A and BMPR2 have been shown to
associate with obesity in human (23-25). Furthermore,
the associated member of the transforming growth
factor-B superfamily, inhibin beta A/activin, was recently
shown to exert a negative effect on adipogenesis and was
induced by macrophages (26).

In the current study, we asked if the reduced adipogenesis
in hypertrophic obesity could be overcome by inhibiting
WNT activation by specific inhibitors and/or by promoting
commitment of residing precursor cells with BMP4.

RESEARCH DESIGN AND METHODS

Human subjects. Abdominal subcutaneous adipose tissue was obtained from
48 individuals by needle biopsy (rn = 46) or bariatric surgery (n = 2). The
subjects were aged between 27 and 66 years, had a mean BMI of 27.8 = 7.1
kg/m? (range 19.3-54.8), and an adipose cell size of 93.6 + 17.9 wm (range 52.8—
125). With the exception of five patients with known type 2 diabetes (four in
Fig. 1 and one in Fig. 6B) all subjects had glucose levels within normal ref-
erence ranges and, with the exception of obesity, had no known chronic
diseases. Exclusion of the subjects with diabetes from the data in Fig. 1 and
Fig. 6B, respectively, did not change the conclusions. The ethical committee
of the University of Gothenburg approved this study.

DKK1-conditioned medium. 3T3-L1 cells expressing DKK1 and control cells
with empty vector (a gift from Drs Jazzwinder K. Sethi and Antonio Vidal-Puig,
Cambridge, U.K.) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% (v/v) fetal bovine serum and puromycin at
37°C and 5% COs. Cell culture media were repeatedly collected every 3 days.
Media from control cells were used in the experiments to validate the specific
effects of DKK1. Quantification of the secreted DKK1 protein was performed
with a DKK1 enzyme-linked immunosorbent assay (ELISA) (19).

Adipocyte differentiation and measurement of cell size. The adipose
tissue was digested with collagenase, as previously described, and cell size was
measured on isolated cells by using a calibrated scale as described (6). In-
flammatory cells and endothelial cells were removed with magnetic immune
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FIG. 1. Differentiation of human stromal cells is impaired in hypertro-
phic obesity. Differentiation of stromal cells was performed with the
standard differentiation protocol. The cells were stained with ORO and
quantified by dissolving the ORO stain in 2-propanol and measuring
optical density at A-510 nm. Absorbance of the ORO stain was compared
with cell size (r2 = 0.53, P < 0.001; BMI mean 30.3 kg/m? [range 19.3-
54.8]; n = 16).
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separation using CD14, CD45, and CD31 antibodies (Miltenyi Biotech). The
remaining cells were then cultured as described (6). Briefly, cells at passage
three to four were induced to differentiate with a cocktail consisting of
850 nmol/L insulin, 10 pmol/L. dexamethasone, 0.5 mmol/L isobutyl methyl-
xanthine, 10 wmol/L pioglitazone, 33 pmol/L biotin, and 17 pmol/L pantothe-
nate in DMEM/F12 supplemented with 3% FBS (v/v), 2 mmol/L glutamine, and
antibiotics. After 3 days, the medium was changed to DMEM/F12 containing
850 nmol/L insulin, 1 pmol/L. dexamethasone, 1 pmol/L pioglitazone, 10% FBS,
glutamine, and antibiotics. The medium was changed every third day throughout
the differentiation period.

The following WNT and BMP4 inhibitors were added to the differentiation
cocktail: DKK1, cell culture supernatant comparable to 25 ng/mL; sFRP1 and
sFRP2, 200 ng/mL, and WIF1, 75 ng/mL (5396-SF, 1169-FR, and 1341-WF, R&D
Systems); and Noggin, 10-100 ng/mL (SRP4675, Sigma-Aldrich). The inhibitors
were maintained during differentiation. Oil Red O (ORO) staining was per-
formed as described (27). The cells were counterstained with Mayer’s hema-
toxylin. Differentiation in percentage was estimated by measuring the area
with lipid-containing cells (percentage cell differentiation vs. ORO absor-
bance; r = 0.827, P < 0.001, n = 42).

Whole-cell extracts and Western blots. Whole-cell protein lysates were
prepared, and Western blots were performed as described (28). Immunoblots
were performed with the following antibodies; WIF1, sFRP1, and sFRP2
(sc-25520, sc-13939, and sc-13940 Santa Cruz, Biotechnology); DKK1 (MAB
1765, R&D Systems), B-catenin (C19220, Transduction Laboratories, BD Bio-
sciences), PPAR-y2 (MAB3630, Chemicon), and DLK1/preadipocyte factor-1
(Pref-1; 2069, Cell Signaling, New England Biolabs).

Quantitative real-time PCR. Total RNA was isolated from the cells with
EZNA total RNA kit (Omega Bio-tek). Real-time PCR with gene-specific primers
and probes (Applied Biosystems) was performed as described (18,28). Relative
quantification of mRNA levels was plotted as fold-change, generally compared
with untreated control cells (= 1). 18S ribosomal RNA was used as an en-
dogenous control (Applied Biosystems). Analyses were performed in dupli-
cates, and all experiments were repeated at least three times.

Statistical analyses. Conventional statistical methods were used to calculate
means = SEM, and the Student paired or unpaired ¢ test was used, as ap-
propriate, to compare differential gene expression and other parameters
shown. Differences were considered statistically significant at P < 0.05.

RESULTS

We initially removed the mature adipose cells as well as
the stromal CD14'/CD45"* inflammatory cells and the
CD31" endothelial cells with immunomagnetic separation,
leaving stem cells and other noncommitted progenitor cells,
committed preadipocytes, and fibroblasts in the cultured
cell fraction. In agreement with previous work (15), we
confirmed a reduced adipogenesis in hypertrophic obesity
and that the ability of the stromal cells to respond to the
normal adipogenic cocktail in terms of differentiation and
accumulation of lipids was negatively related to the size of
the mature adipose cells (Fig. 1). The negative correlation
with adipose cell size was not a consequence of obesity
because it was also seen in the nonobese individuals and
unrelated to BMI (Supplementary Fig. 1A and B).

Induction of DKK1 is a marker of adipogenesis. We
first examined if the ability of committed preadipocytes to
differentiate was associated with induction of the WNT
inhibitor DKK1. DKK1 expression is upregulated during
differentiation of 3T3-L1 and human preadipocytes, and this
correlates with inhibition of canonical WNT signaling and
B-catenin—dependent gene transcription (17,19). We found
DKXK]1 protein was induced in the stromal cells at approxi-
mately differentiation day 8, when the cells also assumed an
adipocyte phenotype with expression of PPAR-y and other
adipogenic genes (Fig. 24, B, and D). DKK1 expression was
also related to the degree of differentiation such that it was
only clearly seen in stromal cells where many cells un-
derwent adipogenic differentiation measured as ORO accu-
mulation (Fig. 24 and B). Our previous finding that PPAR-y
activation enhances expression and secretion of Dkkl1 in
3T3-L1 adipocytes (19) indicates that the stromal cells with
a low differentiation have an impaired ability to activate
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FIG. 2. DKK1 expression is related to the degree of differentiation of human stromal cells. A: Differentiation of human abdominal stromal cells was
performed with the standard differentiation protocol with and without DKK1 for 21 days. Results are from three representative individuals with
different degrees of differentiation, which also relate to the inhibition of B-catenin. Addition of DKK1 to the cell culture medium promotes dif-
ferentiation of the cells and also induces the WNT inhibitors DKK1, sFRP2, and WIF1. Accumulation of triglycerides was detected by ORO on day 21.
B: Differentiation in the presence of DKK1 and pioglitazone (Pio) induces expression of PPAR-y2 and DKK1 in cells from three different indi-
viduals with low degree of differentiation. C: DKK1 enhances the expression of genes related to adipogenesis but not in the absence of piogli-
tazone. The data were first normalized to 18S rRNA and then normalized to ex%)ression levels in the control sample (dotted line = 1). Data indicate
means +* SEM from 16 healthy individuals with different BMI (mean 26.1 kg/m” [range 19.3-44.2]) and cell size (mean 86.1 pm [range 62.5-110.9]).
*P < 0.05, **P < 0.02, and ***P < 0.002 compared with untreated. D: Time course for expression of the WNT inhibitors WIF1, sFRP1, and DKK1

during different time points of differentiation of human stromal cells.

PPAR-y and undergo adipogenesis rather than a reduced
number of precursor cells and that the inability to sup-
press WNT may play a key role.

We also examined if the low DKKI1 expression was a
specific event in cells with a low degree of differentiation
or if other WNT inhibitors were also insufficiently induced.
In fact, cells that differentiated well and induced DKK1
also expressed sFRP2 and WIF1, and this was mirrored by
the associated decrease in B-catenin as well as in DLK1/
Pref-1 levels, which are consistent with adipocyte differ-
entiation (Fig. 2A).

Addition of DKK1 promotes adipogenesis of human
stromal cells with low differentiation. We then exam-
ined if it was possible to increase the differentiation of adi-
pose precursor cells from individuals with low degree of
differentiation by adding DKK1 for up to 21 days. The ad-
dition of DKK1 induced a marked increase in the number of
cells acquiring lipids as well as the cellular area with lipid
droplets (2.58 = 0.25-fold, P < 0.001; n = 11; Fig. 3A). More
important, stromal cells with a low initial degree of differ-
entiation showed a three- to fourfold increase in lipid ac-
cumulation compared with cells with a high degree of
differentiation, where DKK1 had much less effect (Fig. 3B).
In addition, poorly differentiated stromal cells induced
DKK1 when this inhibitor of canonical WNT was added
during differentiation (Fig. 24 and B). Taken together, these
findings support the concept that the low degree of dif-
ferentiation of stromal cells in hypertrophic obesity is not
due to a small number of precursor cells but rather to an
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inability to initiate adipogenesis and activate PPAR-y as a
consequence of inappropriate suppression of WNT activa-
tion. Consistent with this, cellular pB-catenin (Fig. 2A4) and
Wni-inducted secreted protein 2 (WISP2) (data not shown)
levels were both related to the ability to differentiate. The
increased differentiation after the addition of DKK1 was
also associated with significant increases in the expression
of all tested adipogenic markers, such as PPAR-y2, fatty
acid binding protein 4 (FABP%), adiponectin (APM1), and
GLUTY (Fig. 20).

We also examined the potential specific effect of DKK1
versus other secreted inhibitors of canonical WNT (i.e.,
sFRP1, sFRP2, and WIF1), which inhibit binding of WNT
ligands to the receptors. These inhibitors are expressed at
different time points during differentiation, and only WIF1 and
sFRP2 are highly expressed in adipocytes (Fig. 2A and D).
Although these inhibitors have been shown to induce
spontaneous differentiation of the highly committed 3T3-
L1 preadipocytes in the absence of PPAR-y ligands (12)
and in immortalized MSC from mouse bone marrow (29),
the addition of up to 200 ng/mL of these WNT inhibitors
did not increase differentiation of the stromal cells from
individuals with hypertrophic obesity. Thus, DKKI, by
binding to the Kremen and LRP receptors (11), is able to
overcome the impaired differentiation in hypertrophic
obesity, whereas sFRPs and WIF1 are not. This suggests
that increased ligand secretion is not the cause of WNT
activation in the adipose precursor cells in hypertrophic
obesity.
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FIG. 3. DKK1 promotes differentiation of adipose tissue stromal cells
from individuals with a low degree of differentiation. A: Stromal cells
from subcutaneous adipose tissue were differentiated for 21 days with
or without DKK1. Results are from two representative individuals. Ac-
cumulation of cellular triglyceride was detected with ORO (upper panel) or
unstained cells (lower panel). B: Effect of DKK1 on differentiation is more
pronounced in stromal cells from individuals with a low degree of differ-
entiation. Differentiation (%) is related to the area of lipid-accumulating
cells at day 21 in the cell culture well (r? = 0.66, P < 0.01, n = 11).
C: Differentiation of stromal cells is dependent on the presence of TZDs
and cannot be replaced by DKK1. (A high-quality digital representation
of this figure is available in the online issue.)

Human preadipocytes require a PPAR-y ligand for
differentiation. In contrast to the murine cell line 3T3-L1,
human preadipocytes must be differentiated in the continu-
ous presence of a PPAR-y agonist, such as thiazolidinediones
(TZDs). Exclusion of TZDs from the differentiation medium
prevents differentiation and lipid accumulation, and with-
drawal at day 3, when the initiation medium is replaced
by adipocyte medium, diminishes the number and size of
the lipid droplets. Furthermore, the need for a PPAR-y li-
gand could not be replaced by the addition of DKK1 because
this resulted in inhibition of adipogenic gene expression
and lipid accumulation (Fig. 2C and Fig. 3C). Together, these
data show that induction of DKKI1 is an important step to
inhibit WNT activation and, thereby, to allow PPAR-y acti-
vation and adipogenesis, but DKK1 cannot replace the need
for PPAR-y agonists in human preadipocytes.

BMP4 promotes commitment and differentiation of
human adipose progenitor cells. Even in the presence
of DKK1, ~50% of the stromal cells did not undergo dif-
ferentiation (Fig. 3). We, therefore, examined the possi-
bility that the stromal cells also contained uncommitted
precursor cells that require activation by morphogenetic
signals. Cells were plated at low density, and the medium
was supplemented with 3 nmol/L. BMP4 for 5 days before
initiation of adipocyte differentiation. This was maintained

1220 DIABETES, VOL. 61, MAY 2012

throughout the entire culture period. BMP4 clearly induced
commitment and subsequent differentiation of many cells
that had remained undifferentiated after the addition of
the regular differentiation cocktail (Fig. 4), and this was
also associated with an increased activation of adipogenic
genes (Fig. bA). An important finding was an additive effect
of DKK1 and BMP4, whereby ~80% of the stromal cells
could undergo differentiation in the presence of both ligands
(Fig. 4).

Adipogenic differentiation leads to induction of
BMP4. Interestingly, differentiation of precursor cells to
mature adipose cells was associated with the induction of
BMP4 mRNA, and this effect was markedly enhanced by
the presence of DKKI1 (Fig. 5B), consistent with the in-
creased differentiation seen with this WNT inhibitor. The
ability of BMP4 to act as a secreted molecule promoting
differentiation of remaining stromal cells was supported
by the increased phosphorylation of Smad1/5/8 (Fig. 5C).
To further examine the possibility that the induction of
BMP4 in mature adipose cells could play a role as a se-
creted paracrine factor for undifferentiated stromal cells,
we differentiated stromal cells in the presence of BMP4
with and without the BMP4 inhibitor Noggin (30). As
expected, the presence of Noggin markedly reduced the
effect of BMP4 (Fig. 6A). However, the normal differenti-
ation of the stromal cells as well as the positive effect of
DKK1 was also inhibited. This was clearly visible at day 6
and was maintained throughout the differentiation period
(Fig. 6B). These results strongly suggest that induction of
BMP14 in differentiating and/or differentiated adipose cells
is able to promote adipogenic differentiation of stromal
precursor cells.

To further validate this concept, we added Noggin to
fully differentiated adipose cells but saw no inhibition on
adipogenic differentiation markers or on lipid accumula-
tion when the differentiated cells were cultured with 100
ng/mL Noggin for up to 72 h without DKK1 (Supplemen-
tary Fig. 2). As a positive control, we also performed
experiments where fully differentiated adipose cells were
incubated with WNT3a because we have previously shown
(18) that WNT3a inhibits the expression of PPAR-y2 and
also adipogenic genes in fully differentiated human adipo-
cytes and this was also verified here (Supplementary Fig. 2).
Thus, BMP4 is induced during differentiation, and un-
differentiated but not differentiated cells are target cells.

We also analyzed Bmp4 induction in differentiating 3T3-
L1 cells, but in contrast to human preadipocytes, Bmp4 was
inhibited in these cells during differentiation (Supplemen-

tary Fig. 3).

DISCUSSION

Hypertrophic obesity is associated with the well-established
metabolic complications of obesity (i.e., insulin resistance,
dyslipidemia, and other traits of the metabolic syndrome).
More important, nonobese individuals with inappropriate
expansion of the adipose cells also show these metabolic
characteristics, and the degree of insulin sensitivity is neg-
atively correlated with adipose cell size (3). We have shown
in several studies that the genetic predisposition for type 2
diabetes is associated with hypertrophic obesity and its
metabolic characteristics, including dysregulated adi-
pose tissue with reduced expression of insulin receptor
substrate-1, GLUT4, adiponectin, and other PPAR-y-regulated
molecules (4). Furthermore, nonobese individuals with he-
redity for type 2 diabetes also show several markers of the
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Control

FIG. 4. BMP4 induces commitment and differentiation of progenitor
cells from adipose tissue stromal cells. Stromal cells were incubated for
5 days with 3 nmol/L (40 ng/mL) BMP4 before initiation of differenti-
ation, and this was maintained during differentiation. Cells were also
induced to differentiate with and without DKK1, as described. ORO/
hematoxylin staining at day 14. Low magnification shows an overview of
the additive effects of DKK1 and BMP4 on differentiation. (A high-
quality digital representation of this figure is available in the online
issue.)

metabolic syndrome, with dyslipidemia and lower insulin
sensitivity, together with inappropriate adipose cell en-
largement compared with carefully matched individuals
lacking diabetes heredity (3,4). Thus, hypertrophic obesity
is associated with a genetic predisposition for type 2 dia-
betes and can constitute an important link for an increased
susceptibility to the environment by inducing insulin re-
sistance and the obesity-linked metabolic complications
early and before obesity, as conventionally defined by
BMI, develops. Prospective studies have also shown that
abdominal adipose cell size is an independent predictor of
risk of developing type 2 diabetes (31,32).

Hypertrophic obesity is a consequence of a reduced
ability to recruit and differentiate new adipose cells after
an increased body weight, and experimental in vivo and
in vitro results support this concept (2,4,6). Thus, un-
derstanding the mechanisms for this, likely genetic, inability
is of great importance because the ability to recruit new
adipose cells (hyperplastic obesity) is a more benign met-
abolic state at the same BMI and prevents ectopic lipid
accumulation (3). Several genetically engineered animal
models also support this concept; for instance, over-
expression of adiponectin in the adipose tissue leads to
massive, but hyperplastic, obesity and the animals are
perfectly metabolically normal (33).

We here characterized 48 individuals with different BMI
and cell size and initially removed inflammatory CD14*/45*
cells and CD31" endothelial cells from the stromal tissue
before induction of adipogenic differentiation. The results
clearly show the large differences in ability to undergo
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FIG. 5. BMP4 promotes differentiation and induction of adipogenic genes.
A: mRNA levels of the adipogenic differentiation markers PPAR-y2,
adiponectin (APM1), FABP4, and GLUT% in control and BMP4-treated
stromal cells. Expression levels of the genes were first normalized to
18S rRNA and then normalized to expression levels in the control sample
(dotted line = 1) at day 4 (n = 6). Data are presented as means = SEM.
**P < 0.02 and ***P < 0.002 compared with untreated. B: Induction of
BMP/ during differentiation and the effect of adding DKK1 to the medium
(arrows). C: Phosphorylation of Smad1/5/8 during differentiation of
stromal cells.

differentiation of the remaining stromal cells and that this
is negatively related to adipose cell size. In fact, the de-
gree of differentiation varied from ~5 to 80% after the
normal differentiation cocktail, and individuals with hy-
pertrophic obesity had a low degree of adipose cell differ-
entiation, as we also previously have shown (6). This
reduction could be due to a reduced number of precursor
cells or in their ability to undergo adipogenesis and PPAR-y
activation.

In our previous study (6), we found that the number of
CD133* precursor cells was increased in hypertrophic
obesity although overall differentiation was low, suggesting
that lack of precursor cells was an unlikely explanation.

In the current study, we show that the ability of the
adipogenic precursor cells to undergo differentiation
depends on which signals they are provided. In contrast to
the highly committed 3T3-L1 cells, human stromal cells
require the continuous presence of a PPAR-y ligand, sug-
gesting that they are unable to secrete such ligands. More
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FIG. 6. Noggin inhibits the BMP4- and DKK1-induced differentiation of human stromal cells. A: Noggin reduces the differentiation of stromal cells
and the effect of BMP4 on adipogenic genes. Stromal cells were differentiated with 3 nmol/LL BMP4 and/or 100 ng/mL Noggin. B: The positive effect
of DKK1 on differentiation of stromal cells is partly mediated through the associated induction of BMP4 (see Fig. 5). Stromal cells were differ-
entiated with or without Noggin (100 ng/mL) and DKK1 (25 ng/mL). Expression levels of the genes were first normalized to 18S rRNA and then
normalized to expression levels in the BMP4 (A) or DKK1 (B) sample (dotted line = 1, n = 4). Data are presented as the mean = SEM. *P < 0.05,
**P < (.02, and ***P < 0.002 compared with DKK1 or BMP4, respectively.

important, however, many adipose precursor cells from
individuals with hypertrophic obesity are unable to ade-
quately suppress WNT activation to enter into the adipogenic
pathway, and DKK1 was found to be a particularly im-
portant promotor of adipogenesis. In support of this, we
found that adding DKK1 induced a three- to fourfold in-
crease in the number of cells able to undergo adipogenesis,
and this effect was particularly pronounced in stromal cells
with a low degree of differentiation. These results expand on
the work by Park et al. (16) showing a reduced differen-
tiation of cells transfected with siRNA against DKK1. We
also have other support for the conclusion of an increased
WNT activation in stromal cells in hypertrophic obesity
because several markers of canonical WNT activation,
including WISP2, are increased and their exprssion is pos-
itively correlated with the size of the mature cells (un-
published data).

The reason for the increased WNT activation is unclear,
but genetic factors are likely to play an important role and
of particular interest are WNT-related genes such as
TCF7L2 and Kremenl, where DNA polymorphisms
associate with type 2 diabetes and body fat distribution
(34,35). Another factor that could contribute is the in-
creased inflammation in the adipose tissue in hypertro-
phic obesity (36) since proinflammatory cytokines, in
particular tumor necrosis factor-o, can promote canoni-
cal WNT activation (28). However, a long-term effect of
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this in the cultured cells is unlikely, and in previous work,
we found that the inhibitory effect of tumor necrosis
factor-a was transient and dependent on the continuous
presence of the cytokine (6).

It is intriguing that the direct inhibitors of canonical
WNT ligands, sFRPs and WIF'1, did not provide support for
the adipogenic differentiation, whereas DKK1 was highly
efficient. This indicates that the increased WNT activa-
tion is a consequence of endogenous cellular signaling
rather than increased secretion of WNT ligands. The mo-
lecular mechanisms leading to the activation of DKK1 dur-
ing adipogenesis are poorly understood. Although PPAR-y
ligands can induce Dkk1 in 3T3-L1 cells, it is unlikely that
this is the initial mechanism for DKK1 induction because
it is pivotal to inhibit canonical WNT before PPAR-y can
be induced.

The present studies also show that adipose tissue
stromal cells contain early precursor cells that can be
committed and undergo adipogenesis after the addition of
BMP4 (20). We have also found expression of the classic
MSC markers CD105 and CD117 in automatic cell sorting
analyses of the stromal cells from human adipose tissue;
in fact, ~1-4/1000 cells expressed these markers (un-
published data). A stimulating effect of BMP4 on differen-
tiation of the stromal cells was seen in all tested samples
but, in contrast to the effect of DKKI1, this effect was not
clearly related to initial degree of adipogenesis and cell size
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like the effect of DKK1. However, our findings of the ability
of BMP4 to enhance adipose precursor cell differenti-
ation and lipid accumulation may provide a functional
link with the recent observation that BMPR1A and
BMPR2 polymorphisms associate with obesity in human
(23,25).

An intriguing finding was the induction of BMP4 mRNA
levels after differentiation of the human precursor cells.
Furthermore, the inhibitory effect of the BMP4 inhibitor,
Noggin, in differentiating cells—but not in fully differentiated
cells—suggests that mature adipose cells may secrete this
morphogenetic factor, which, in turn, can promote commit-
ment and differentiation of ambient precursor cells. Whether
such a putative signal is altered in hypertrophic obesity is
currently unclear but under examination. Interestingly,
induction of BMP4 during differentiation appears specific
for human adipose cells because Bmp4 decreases when
3T3-L1 cells undergo differentiation (Supplementary Fig. 3).
This emphasizes the importance of studying human stromal
cells to understand the pathophysiology of hypertrophic
obesity in human.

In conclusion, we have shown that many stromal cells in
human adipose tissue are unable to undergo adipogenesis
unless specific signals for commitment and differentiation
are provided. Of particular importance was the finding that
WNT inhibition by DKK1 had a profound positive effect on
the differentiation of stromal cells with a low initial degree
of adipogenic differentiation, consistent with an inability
to adequately suppress this critical regulator of cell differ-
entiation in hypertrophic obesity. Our results also raise the
intriguing possibility that differentiated adipose cells can
secrete BMP4 and induce a paracrine regulation and com-
mitment of early precursor cells as the mature adipose cells
expand.
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