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Increasing adipocyte size as well as numbers is important in
the development of obesity and type 2 diabetes, with adipo-
cytes being generated from mesenchymal precursor cells.
This process includes the determination of mesenchymal
stem cells (MSC) into preadipocytes (PA) and the differenti-
ation of PA into mature fat cells. Although the process of
differentiation has been highly investigated, the determina-
tion in humans is poorly understood. In this study, we com-
pared human MSC and human committed PA on a cellular
and molecular level to gain further insights into the regula-
tory mechanisms in the determination process. Both cell
types showed similar morphology and expression patterns of
common mesenchymal and hematopoietic surface markers.
However, although MSC were able to differentiate into adi-
pocytes and osteocytes, PA were only able to undergo adipo-
genesis, indicating that PA lost their multipotency during
determination. WNT-5a expression showed significantly
higher levels in MSC compared with PA suggesting that
WNT-5a down-regulation might be important in the deter-
mination process. Indeed, incubation of human MSC in
medium containing neutralizing WNT-5a antibodies abol-
ished their ability to undergo osteogenesis, although adipo-
genesis was still possible. An opposite effect was achieved
using recombinant WNT-5a protein. On a molecular level,
WNT-5a was found to promote c-Jun N-terminal kinase-de-
pendent intracellular signaling in MSC. Activation of this
noncanonical pathway resulted in the induction of osteopon-
tin expression further indicating pro-osteogenic effects of
WNT-5a. Our data suggest that WNT-5a is necessary to
maintain osteogenic potential of MSC and that inhibition of
WNT-5a signaling therefore plays a role in their determina-
tion into PA in humans.

Epidemiological studies suggest that obesity and related met-
abolic disorders, e.g. type 2 diabetes, will be increasing prevalent
within the next decades (1). Understanding the molecular
mechanisms in the pathogenesis of this important disease

therefore is currently a major goal in biomedical research. It has
been shown in human studies that besides increasing the size of
existing adipocytes, the generation of mature fat cells from
mesenchymal precursor cells is of importance in developing
obesity (2). This process, called adipogenesis, consists of two
related steps as follows: the determination of human mesenchy-
mal stem cells into preadipocytes and the differentiation of
preadipocytes into mature fat cells (3). Interestingly, by using
FABP-4 as a molecular marker, it has been shown that most
precursor cells in human adult adipose tissue are committed
preadipocytes rather than multipotent mesenchymal stem cells
(4). This is in agreement with a recent study in rodents that
suggests that the determination of mesenchymal stem cells into
preadipocytes might occur in very early stages of development,
e.g. perinatal life (5). Because the number of preadipocytes and
mature fat cells has been shown to be different between lean
and obese human adult subjects (6), variations in the determi-
nation process in early stages of adipose tissue development
might be important in the pathogenesis of obesity and type 2
diabetes.

Wnt molecules are secreted glycopeptides that can act in
an autocrine and paracrine manner and were first discovered
in Drosophila. They are able to activate two distinct signaling
pathways. Most knowledge exists on the so-called canonical
pathway where WNT molecules bind to a receptor complex
consisting of a Frizzled (Frz) receptor and a low density
lipoprotein receptor-related peptide co-receptor. Upon
WNT binding to these receptors, a cytosolic protein com-
plex containing glycogen synthase kinase-3f3 is inactivated,
which leads to stabilization of cytosolic B-catenin. The
B-catenin then translocates into the nucleus where it acti-
vates target genes by interacting with T-cell factor transcrip-
tion factors (7). Besides this B-catenin-dependent pathway,
at least two other so-called noncanonical pathways exist.
One of these is G-protein-coupled whereby its activation
triggers an intracellular influx of Ca*>" that in turn stimulates
protein kinase C or calmodulin-dependent protein kinase-1I
(CamKII)* (8). The other noncanonical pathway involves
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activation of JNK upon binding of the Wnt molecules to a Frz
receptor (9) or the orphan receptor Ror-2 (10).

Wnts play an important role in many developmental pro-
cesses as well as in maintaining tissue homeostasis (11). In
rodents, WNT-10b and WNT-5a are expressed in undifferen-
tiated adipogenic precursor cells, and inhibition of WNT-10b
signaling in these cells has been shown to be sufficient to induce
spontaneous differentiation into mature adipocytes (12).
Furthermore, in humans, induction of adipogenesis is associ-
ated with an up-regulation of Dickkopf (DKK)-1 expression, a
secreted factor known to act as an inhibitor of the canonical
WNT signaling pathway (13). In contrast to preadipocyte dif-
ferentiation, which is inhibited by WNT signaling, osteogenesis
is promoted in precursor cells in the presence of distinct WNT
molecules (14).

In the past, most experiments on the molecular regulation of
adipogenesis were performed using the mouse cell line 3T3-L1.
However, because these cells are preadipocytes already com-
mitted to the adipogenic lineage, data about the determination
of stem cells into preadipocytes are rare. In this study, we aimed
to gain further insights into the molecular regulation of this
developmental process by comparing human mesenchymal
stem cells and committed preadipocytes on a cellular and
molecular level. Using this approach, we identified that the
inhibition of INK-mediated noncanonical WNT-5a signaling is
of importance in the determination of stem cells to the adipo-
genic versus osteogenic lineage in humans.

EXPERIMENTAL PROCEDURES
Cell Preparation, Culture, and Differentiation

Primary Human Cell Cultures—This study was approved by
the local ethics committee, and written informed consent was
obtained from participants and in the case of umbilical cord
blood from both parents. Human mesenchymal stem cells
(hMSC) were isolated from umbilical cord blood samples (ges-
tational age 38 —41 weeks). 20-30 ml of umbilical cord blood
were collected from n = 350 newborns straight after delivery.
RosetteSep (StemCell Technologies) was added to the blood
samples (50 ul of RosetteSep per 1 ml of blood) and incubated
for 20 min at room temperature. Subsequently, blood was
diluted 1:1 with PBS and stacked on Lymphoprep (Fresenius).
Centrifugation at 2000 rpm for 20 min was performed, and the
layer containing mononuclear cells was extracted and washed
three times with PBS. Mononuclear cells were seeded onto cul-
ture dishes. After 24 h, h(MSCs were adherent, and the medium
containing nonadherent lymphocytes and monocytes was
removed. MSCs were grown in basal medium (Dulbecco’s mod-
ified Eagle’s medium) containing 1 g/liter p-glucose, 30% FCS,
and 1% penicillin/streptomycin. Human subcutaneous preadi-
pocytes (PA) were isolated from adipose tissue biopsies from
metabolically healthy subjects at the age of 18-35 years as
described earlier (15). Blood vessels were carefully dissected
from the fat biopsies.

Cell Lines—C3H10T1/2 cells were grown in Dulbecco’s
modified Eagle’s medium containing 4.5 g/liter p-glucose, 10%
NCS, and 1% penicillin/streptomycin. 3T3-L1 cells were grown
in Dulbecco’s modified Eagle’s medium containing 4.5 g/liter
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D-glucose, 10% NCS, and 1% penicillin/streptomycin. All cells
were grown in a humidified atmosphere at 37 °C and 5% CO.,,.
For differentiation experiments, hMSCs were transferred to
6-well plates. Two days post-confluence, adipogenesis was
induced by adding adipogenesis medium (Dulbecco’s modified
Eagle’s medium, 10% FCS, 1% penicillin/streptomycin, 0.1
pmol/liter dexamethasone, 5 pg/ml insulin, 0.5 mmol/liter
isobutylmethylxanthine, and 60 umol/liter indomethacin).
Osteogenesis was induced at 80% confluency by adding osteo-
genesis medium (Dulbecco’s modified Eagle’s medium, 10%
FCS, 1% penicillin/streptomycin, 1 wmol/liter dexamethasone,
0.05 mmol/liter ascorbic acid, and 10 mmol/liter B-glycero-
phosphate). Before performing experiments, the two primary
cell populations were cultured for at least 3 weeks under stand-
ard conditions, since it has been shown that even if some mono-
nuclear or endothelial cells are present in the initial prepara-
tion, after that time most of the cells are of mesenchymal origin
(16). The cells were incubated in differentiation medium for a
total of 12 days, while changing the medium every other day. 2
pg of anti-WNT-5a antibodies (sc-23698, Santa Cruz Biotech-
nology), 2 ug of nonspecific antibodies of the same subclass
(sc-2027, Santa Cruz Biotechnology), or 500 ng/ml recombi-
nant WNT-5a (R & D Systems) were added per well as indicated
in the figure legends.

Luciferase Assay

For the luciferase assay, C3H10T1/2 cells were seeded in
24-well plates and grown to 80% confluency. The cells were
transfected with 1 ug of TOPFLASH or pGL2-AP1 construct
and 10 ng of pRL-CMYV as described earlier (17). The samples
were measured in triplicate in a luminometer (Mithras LB 940,
Berthold Technologies).

Immunofluorescence

C3H10T1/2 cells were transferred to 24-well plates and
grown to 90% confluency. After incubation with LiCl (control)
or anti-WNT-5a antibodies as indicated in the figure legends,
cells were washed with PBS and subsequently fixed with 100%
methanol for 5 min. Subsequently, cells were washed three
times with PBS and blocked with 1% bovine serum albumin in
PBS for 1 h. After that, cells were incubated with B-catenin
antibodies for 1 h and washed three times with 1% bovine serum
albumin/PBS solution. Subsequently, cells were incubated for
1 h with appropriate secondary antibodies and washed three
times with 1% bovine serum albumin/PBS solution. After wash-
ing, cells were fixed on a microscope slide using vector shield
with 4',6-diamidino-2-phenylindole (Vector Laboratories).

Electromobility Gel Shift Assay

C3H10T1/2 cells were lysed with lysis buffer (50 mm KClI,
0.5% Nonidet P-40, 25 mm HEPES (pH 8.0), 125 uM dithiothre-
itol, 1 X complete protease inhibitor tablets (Roche Applied Sci-
ence)) for 4 min on ice. The electromobility gel shift assay
experiment was performed as reported earlier (17) using 10 ug
of the nuclear protein extracts and 20 fmol of 5’-biotin-labeled
double-stranded oligonucleotides containing the c-Jun-bind-
ing site (5'-GGGCTTGATGAGTCAGCCGGACC-3’).
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Fluorescent-activating Cell Sorter (FACS) Analysis

4 X 10° cells were used per FACS tube. The tubes were cen-
trifuged at 1000 rpm for 5 min. After centrifugation, cells were
resuspended in PBS/FCS/acid mixture (2% FCS, 0.05% sodium
acid) and incubated for 15 min at 4 °C. Subsequently, cells were
incubated with the given antibodies (all BD Biosciences, except
for CD31 (Immuno Tools)) for 30 min at 4 °C, washed twice
with PBS/FCS/acid mixture, and analyzed by a fluorescent-ac-
tivating cell sorter (FACSCalibur, BD Biosciences).

Oil Red O and Alizarin Red S Staining

Oil red O staining was performed as described earlier (16).
For Alizarin staining, hMSCs incubated in osteogenic medium
were washed with PBS and fixed in 1% PBS-buffered formalde-
hyde for 10 min. The cells were then washed again with PBS
and stained with 1% Alizarin red S (stock solution: 10 mg/ml,
Sigma) for 2 min. Excess Alizarin red S was removed by washing
with H,O.

Western Blotting

Western blotting was performed as described earlier (17).
Hypotonic cell lysis buffer for B-catenin preparation was
described previously (14). Antibodies were purchased from Cell
Signaling (PPAR-y, CamKII, p-CamKII, JNK, and p-JNK),
Santa Cruz Biotechnology (OPN, c-Jun, and B-catenin), and
Sigma (secondary antibodies).

RESULTS

Human Mesenchymal Stem Cells but Not Human Preadipo-
cytes Exhibit Multipotent Differentiation Capacity—In this
study, we aimed to identify novel molecular regulators in the
determination of mesenchymal stem cells into preadipocytes.
Because there is no cell line available to investigate this devel-
opmental process in humans, we used the following approach.
We have isolated hMSC from umbilical cord blood samples
that have been reported to be able to develop into several mes-
enchymal lineages, including adipocytes, osteocytes, and myo-
cytes and therefore exhibit truly multipotent capacity (18 -21).
Besides that, mesenchymal precursor cells from the stromavas-
cular fraction were prepared from subcutaneous adipose tissue
biopsies from human adult subjects. It has been shown in a
previous report that most of these precursor cells express
FABP-4, the human homologue of mouse aP2 and are therefore
committed PA (4). These two primary cell populations, hMSC
and PA, were then compared on a cellular and molecular level
to identify novel regulatory mechanisms in the determination
process in humans.

Both cell populations, hMSC and PA, showed similar mor-
phology (Fig. 14). We first examined whether these cells differ
in the expression of common molecular surface markers.
Therefore, we performed FACS analysis, which revealed the
presence of the mesenchymal surface markers CD29, CD44,
and CD73 and the absence of hematopoietic markers (CD34
and CD45) and endothelial markers (CD31), in both cell popu-
lations (Fig. 1B). This result not only suggests similarity in the
expression of common surface marker but also demonstrates
the absence of a contamination of our primary cell culture sys-
tems with hematopoietic or endothelial cells.
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FIGURE 1. Comparison of human mesenchymal stem cells and preadipo-
cytes with respect to morphology and expression of common cell surface
markers. A, morphology of hMSC and PA, light microscopy, X200. B, expres-
sion of surface markers. Preconfluent human MSC and PA were analyzed by
FACS analysis for expression of the mesenchymal markers CD29, CD44, CD73,
the hematopoietic markers CD34, CD45, and the endothelial marker CD31.
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FIGURE 2. A, induction of adipogenesis and osteogenesis in human mesen-
chymal stem cells and preadipocytes. MSC and PA were incubated in induc-
tion medium for adipogenesis or osteogenesis for 7-10 days. Upper panel,
adipogenesisin MSCand PA, light microscopy (X 100); lower panel, osteogen-
esis in MSC and PA, Alizarin staining and light microscopy (X100). B and C,
comparison of WNT-5a expression in human mesenchymal stem cells and
preadipocytes. Preconfluent human MSC and PA were lysed by RIPA buffer,
and Western blotting was performed for WNT-5a. B, representative Western
blot of MSC and PA from three independent human individuals each. C, sta-
tistical analysis of Western blotting experiments of MSC or PA fromn = 5
independent individuals each. Wnt-5a expression was normalized to the
amount of total protein. Mean * S.E. Student’s t test; *, p < 0.05. rel., relative.

Because there is no major difference in morphology and the
expression of surface markers, we next compared differentia-
tion capacity of the two different cell types. As shown in Fig. 24
using standard induction medium without PPAR-+y agonists or
bone morphogenic proteins, hMSC were able to undergo suffi-
cient adipogenesis as well as osteogenesis. In contrast, using the
same media, human subcutaneous PA were only able to
undergo adipogenesis but not osteogenesis, which indicates
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FIGURE 3. Wnt-5a effect on osteogenesis of human mesenchymal stem
cells. Human MSC were induced to undergo osteogenesis in the presence or
absence of neutralizing anti-WNT-5a antibodies or recombinant WNT-5a pro-
tein within the tissue culture medium. A, alizarin staining. B and C, Western
blotting for osteopontin and alkaline phosphatase (ALP), two molecular
markers for osteogenesis. B-Actin was used to normalize for total protein
content. rec. = recombinant. Shown is one example of n = 3 independent
experiments using different cells from independent human individuals.
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that these cells lost their multipotency during the determina-
tion process.

Wnt-5a Expression Differs between Human Mesenchymal
Stem Cells and Preadipocytes—The experiments reported so
far demonstrate that hMSC are multipotent, whereas subcuta-
neous PA are already committed to the adipogenic lineage.
Therefore, these two cell populations serve as a suitable model
to examine the determination process in humans. It is known
that WNT signaling has a strong influence on developmental
processes. Of the different WNT family members, WNT-5a has
been linked to osteogenesis in mice and humans (22, 23), which
is why we next examined WNT-5a expression in the two pri-
mary cell systems. These experiments revealed significantly
higher levels in hMSC compared with PA (Fig. 2, B and C)
suggesting down-regulation of WNT-5a expression is related to
the determination process.

Wnt-5a Is Important to Maintain Osteogenic Potential of
Human Mesenchymal Stem Cells—We next aimed to investi-
gate whether this down-regulation of WNT-5a expression is of
functional relevance. Because WNT-5a is a secreted glycopro-
tein that acts in an autocrine and paracrine manner, we induced
hMSC to undergo osteogenesis in the presence of neutralizing
anti-WNT-5a antibodies in the culture medium. As shown in
Fig. 3, A and B, these loss-of-function experiments exhibited
impaired osteogenesis as indicated by reduced staining for
hydroxylapatite by alizarin as well as a reduced expression of
the molecular markers osteopontin and alkaline phosphatase
on a protein level. To strengthen these data, we also performed
gain-of-function experiments by inducing osteogenesis of
hMSC in the presence of recombinant WNT-5a protein in the
culture medium. This treatment resulted in increased osteo-
genic differentiation (3C). In contrast to osteogenesis, adipo-
genic differentiation of hMSC was inhibited by WNT-5a as
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FIGURE 4. Wnt-5a effect on adipogenesis of human mesenchymal stem
cells. Human MSC were induced to undergo adipogenesis in the presence or
absence of neutralizing anti-WNT-5a antibodies or recombinant WNT-5a pro-
tein within the tissue culture medium. A, Oil Red O lipid staining, microscop-
ically imaged (X200). B and C, Western blotting of molecular markers for
adipogenesis (PPAR-y and SREBP-1c) and the adipokine adiponectin. B-Actin
was used to normalize for total protein content. rec. = recombinant. Shown is
one example of n = 3 independent experiments using different cells from
independent human individuals.

shown by increased lipid accumulation and increased expres-
sion of PPAR-7y, SREBP-1c, and adiponectin in anti-WNT-5a-
treated cells (loss of function experiments, Fig. 4, A and B).
Again, we also performed gain of function experiments, show-
ing that induction of adipogenesis in the presence of recombi-
nant WNT-5a protein resulted in reduced adipocyte formation
as indicated by reduced expression of the molecular markers
PPAR-vy, SREBP-1c, and adiponectin (Fig. 4C). Taken together,
these data indicate that WNT-5a action is important to pre-
serve osteogenic capacity of hMSC suggesting that down-regu-
lation of WNT-5a expression is a major event in the determi-
nation of these cells into preadipocytes in humans.

Human Mesenchymal Stem Cells Express Canonical and
Noncanonical WNT Signaling Pathways—In most cell systems,
WNT-5a signaling is mediated by a noncanonical pathway (24,
25). However, in recent reports, it has been suggested that
WNT-5a is also able to influence the [B-catenin-dependent
canonical signaling (26, 27). Therefore, we next aimed to inves-
tigate which of the different WNT signaling pathways are pres-
ent in primary hMSC on protein level. hAMSC were lysed, and
expression analyses for central signaling molecules (B-catenin,
CamKII, and JNK) were analyzed by Western blotting. As
shown in Fig. 54, all the signaling pathways examined are pres-
ent in hMSC.

Whnt-5a Signaling in Human Mesenchymal Stem Cells Is
Mediated via the JNK Pathway—W e next aimed to investigate
which one of these different pathways is activated by WNT-5a.
Because some transfection experiments were performed to
clarify this question, we decided to use the mouse mesenchymal
stem cell line C3H10T1/2 first because of the much higher
transfection efficiency compared with human primary cells.
C3H10T1/2 cells were successfully used as a model for mesen-
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FIGURE 5. A, expression of intracellular signaling molecules of the canonical
and noncanonical pathways in human mesenchymal stem cells. Western
blotting of whole cell lysates of MSC from three independent human individ-
uals is shown. B, Wnt-5a does not activate the CamKIlI-dependent noncanoni-
cal pathway in C3H10T1/2 mesenchymal stem cells. C3H10 cells were incu-
bated in medium containing neutralizing anti-WNT-5a antibodies or control
medium for 24 h. Afterward, cells were lysed using RIPA buffer containing
phosphatase inhibitors, and Western blotting was performed for phospho-
CamKll (upper panel) and whole CamKll (loading control, lower panel). Shown
is one example of n = 3 independent experiments.

chymal stem cell determination in previous reports (28). The
expression of the canonical and noncanonical signaling path-
ways is similar in these cells compared with human primary
cells (data not shown). C3H10T1/2 cells were incubated in the
presence or absence of neutralizing anti-WNT-5a antibodies
for 24 h. After that, we first examined the activity of the Ca**-
dependent CamKII noncanonical pathway. Because activation
of this pathway leads to autophosphorylation of CamKII, we
performed Western blotting for phospho-CamKII in control
cells and cells treated with neutralizing anti-WNT-5a antibod-
ies. As shown in Fig. 5B, no significant difference was found
with respect to the phosphorylation status suggesting this path-
way is not important in WNT-5a signaling in MSC.

To investigate if WNT-5a signaling is mediated by the
canonical pathway, the amount of cytosolic 3-catenin was com-
pared in WNT-5a antibody-treated cells and control cells.
Therefore, cells were lysed with a hypo-osmolaric lysis buffer to
separate cytosolic from membrane-bound $-catenin followed
by Western blotting. This experiment revealed similar amounts
of cytosolic B-catenin in cells independent of the WNT-5a
activity (Fig. 6A). To confirm this finding, we examined the
WNT-5a effect on the translocation of B-catenin into the
nucleus (Fig. 6B). LiCl was used as positive control in this exper-
iment due to its ability to block glycogen synthase kinase-3f3
activity. In contrast to LiCl-treated cells, in stem cells treated
with and without the neutralizing anti-WNT-5a antibody,
B-catenin did not enter the nucleus (Fig. 6B) suggesting that
WNT-5a does not strongly activate the canonical pathway. Fur-
thermore, stem cells were transiently transfected with the
TOPFLASH promoter-reporter gene plasmid that contains
several T-cell factor-binding sites. As shown in Fig. 6C, treat-
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FIGURE 6. Wnt-5a does not activate the canonical signaling pathway in
C3H10T1/2 mesenchymal stem cells. A, comparison of the amount of cyto-
solic B-catenin in stem cells treated with neutralizing anti-WNT-5a antibodies
for 24 h or control cells. In this experiment, cells were lysed using a hypotonic
lysis buffer to separate cytosolic from membrane-bound B-catenin. B-Actin
was used to normalize for total protein content. Shown is one example of n =
3 independent experiments. B, immunofluorescence for B-catenin in stem
cells treated with neutralizing anti-WNT-5a antibodies (+AB) or control cells
(—AB). Incubation of cells in LiCl was used as a positive control for transloca-
tion of B-catenin into the nucleus. Shown is one example of n = 3 indepen-
dent experiments. C, promoter-reporter gene analysis using the TOPFLASH
plasmid in cells treated with neutralizing anti-WNT-5a antibodies (+AB) and
controls (—AB). pRL-CMV was used for normalization of transfection effi-
ciency and unspecific promoter effects in this experiment. Mean = S.E.of n =
5 independent experiments. Student’s t test; *, p < 0.05. RLU, relative lucifer-
ase units.

-AB

ment of transfected cells with anti-WNT-5a antibodies did not
decrease activity of the TOPFLASH promoter, further demon-
strating that WNT-5a does not activate the canonical pathway.
Instead, in these experiments, anti-WNT-5a induced a mild but
significant induction of the promotor activity. This mild effect
might be recognized only in the luciferase-based promoter
analysis, because the sensitivity of these experiments is higher
compared with Western blotting and immunocytochemistry.
Taken together, the experiments reported so far suggest that
WNT-5a neither activates the Ca®>*-dependent noncanonical
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pathway nor the B-catenin-linked canonical pathway in mesen-
chymal stem cells.

Finally, we examined whether WNT-5a activates the JNK
signaling pathway in MSC. Because JNK is autophosphorylated
upon activation, we first compared phospho-JNK levels in cell
lysates of C3H10T1/2 cells treated with neutralizing anti-
WNT-5a antibodies and untreated controls. In this experi-
ment, we observed the phosphorylation of JNK to be of a lesser
extent in cells incubated with the anti-WNT-5a antibody com-
pared with control cells suggesting WNT-5a transmits its signal
via the JNK pathway (Fig. 7A). To confirm this finding, electro-
mobility gel shift assay experiments were performed using
nuclear protein extracts of cells treated with anti-WNT-5a
antibodies and control cells exhibiting reduced binding of
c-Jun to an oligonucleotide containing an c-Jun-binding site
when WNT-5a signaling was blocked (Fig. 7B). Furthermore,
C3H10T1/2 cells were transfected with a promoter-reporter
gene plasmid containing the AP1 promoter, which is known to
be activated by c-Jun. Treatment of transfected cells with neu-
tralizing anti-WNT-5a antibodies resulted in a significant
decrease in AP1 promoter activity compared with control cells
(Fig. 7C). In summary, these experiments demonstrate that
WNT-5asignaling in C3H10T1/2 stem cells is mediated via the
JNK-dependent noncanonical pathway.

To confirm these findings in human stem cells, we per-
formed Western blotting analysis for phospho-JNK, phospho-
CamKII, and B-catenin in hMSC also treated with neutralizing
anti-WNT-5a antibodies and untreated control cells. As shown
in Fig. 8, A-C, in agreement with the data obtained in the
mouse cell line, in primary hMSC WNT-5a activity is also
mediated by the JNK noncanonical pathway.

Finally, treatment of hMSC with an unspecific antibody of
the same subclass as the anti-WNT-5a antibody used for
these experiments did not result in alteration of JNK signal-
ing. This indicates that the effects observed are specific for
WNT-5a (Fig. 8D).

Wht-5a Signaling Regulates Osteopontin Promoter Activity in
Mesenchymal Stem Cells—Osteopontin is one of the key regu-
lators during osteogenesis. The proximal promoter of this gene
contains a c-Jun-binding site. Therefore, we cloned the cDNA
of WNT-5a into an expression plasmid and performed tran-
sient co-transfection experiments together with a luciferase
plasmid containing —88 to +79 of the osteopontin promoter in
undifferentiated C3H10T1/2 mesenchymal stem cells (Fig. 94).
WNT-5a significantly induced osteopontin promoter activity
in these experiments suggesting this pro-osteogenic factor to be
a target gene of WNT-5a. This effect was abolished in the pres-
ence of the compound SP600125 (Fig. 94). Because SP600125
specifically inhibits the JNK signaling pathway (Fig. 9B), this
finding further indicates that WNT-5a regulates osteogenesis
via the noncanonical JNK pathway.

DISCUSSION

In human adipose tissue, the number of precursor cells and
mature adipocytes reflects the balance between mesenchymal
stem cell determination, preadipocyte proliferation, preadipo-
cyte differentiation, as well as preadipocyte and adipocyte apo-
ptosis (4). Of these different biological processes, little knowl-
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FIGURE 7. Wnt-5a activates the JNK-dependent noncanonical signaling
pathway in C3H10T1/2 mesenchymal stem cells. A, comparison of the
amount of phosphorylated JNK in control cells and C3H10T1/2 cells incu-
bated in medium containing neutralizing anti-WNT-5a antibodies (upper
panel). Amount of whole JNK (phosphorylated and nonphosphorylated) was
used as a loading control (lower panel). Shown is one example of n = 3 inde-
pendent experiments. B, electromobility gel shift assay for c-Jun binding to
an oligonucleotide containing a c-Jun-binding site. + = nuclear proteins
from cells treated with neutralizing anti-WNT-5a antibodies; — = nuclear pro-
teins from control cells. Competitive reaction was performed under identical
conditions adding 200-fold molar ratio of unlabeled oligonucleotides. Sam-
ples were separated by 5% PAGE, and final analysis was performed according
to the LightShift® chemiluminescent electromobility gel shift assay kit
(Pierce). Shown is one example of n = 3 independent experiments. C, pro-
moter-reporter gene analysis using a pGL plasmid containing the AP1 pro-
moter in C3H10T1/2 cells treated with neutralizing anti-WNT-5a antibodies
(+AB) and control cells (—AB). The AP1 promoter is a known target of c-Jun.
pRL-CMV was used for normalization of transfection efficiency and unspecific
promoter effects. Mean = S.E. of n = 5 independent experiments. Student’s t
test; ¥, p < 0.05. RLU, relative luciferase units.

edge exists on the determination of multipotent stem cells to
the adipogenic lineage in humans. The data obtained in this
study suggests a role for noncanonical WNT-5a signaling in
this developmental process.

A recent report on adipogenic precursor cells in the so-called
stroma-vascular fraction of adipose tissue in rodents revealed
that most fat cells descend from a pool of proliferating progen-
itors that are already committed to the adipogenic lineage,
either prenatally or early in postnatal life (5). In agreement with
these animal data, using FABP-4, the human homologue of
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FIGURE 8. Wnt-5a specifically activates the JNK-dependent noncanonical
signaling pathway in human mesenchymal stem cells. A-C, comparison of
the amount of phospho-JNK, B-catenin, and phospho-CamKll in control cells
and human mesenchymal stem cells incubated in medium containing neu-
tralizing anti-WNT-5a antibodies. Shown is one example of n = 3 indepen-
dent experiments. D, to exclude unspecific effects due to the neutralizing
antibody, human mesenchymal stem cells were either untreated or treated
with an unspecific control antibody (unspec. AB) of the same subclass or a
specific antibody for WNT-5a (anti-WNT-5a AB) for 24 h. Afterward, cells were
lysed using RIPA buffer containing phosphatase inhibitors, and Western blot-
ting was performed for phospho-JNK (upper panel) as well as total JNK (lower
panel). Shown is one example of n = 4 independent experiments.

mouse aP2, as a molecular marker, it has been suggested that
most precursor cells in adipose tissue of human adult subjects
are committed preadipocytes rather than multipotent mesen-
chymal stem cells (4, 6). In contrast to these studies, some
authors claim that stroma cells in human adipose tissue might
be used as so-called “adipose tissue derived mesenchymal stem
cells” and that these cells are able to differentiate into different
mesenchymal lineages, including adipocytes, osteocytes, and
myocytes (29, 30). However, osteogenic transformation of these
cells often depends on the presence of certain bioactive mole-
cules, e.g. bone morphogenic proteins, in addition to ascorbic
acid and 3-glycerophosphate in the standard osteogenic induc-
tion medium. According to the studies of Skillington et al. (31),
this suggests that osteogenesis in this case is the result of a
transdifferentiation of committed preadipocytes rather than
determination of multipotent stem cells to the osteogenic line-
age. This is in agreement with the results obtained in this study,
because we were not able to induce osteogenesis in adipose
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FIGURE 9. Wnt-5a induces osteopontin promoter activity in C3H10T1/2 mesenchymal stem cells via JNK
signaling pathway. A, C3H10T1/2 cells were transiently co-transfected with 500 ng of an expression plasmid
containing the coding sequence of human WNT-5a (pcDNA3.1-WNT-5a) and 200 ng of a luciferase construct
(pXP2-OPN) with —88 to + 79 bp of the proximal osteopontin promoter containing a c-Jun-binding site
(TGAGCCA) kindly provided by David T. Denhardt (36). 10 ng of pRL-CMV were co-transfected for normalization
of transfection efficiency and unspecific promoter effects. Cells were lysed after 24 —48 h, and luciferase activity
was measured by Dual-Luciferase reporter gene assay (Promega). To test that the effect of WNT-5a on
osteopontin promoter activity is mediated via the JNK signaling pathway, luciferase experiments were per-
formed in the presence of the pharmacological JNKinhibitor SP600125 as indicated in the figure. ***,p < 0.001
by Student’s t test of n = 8 independent experiments. Mean = S.E. ns is nonsignificant. B, Western blot for
phospho-JNK and total JNK as well as phospho-ERK and total ERK in pre-confluent mesenchymal stem cells
treated with the JNK inhibitor SP600125 and anti-WNT-5a (AB) antibodies for 24 h to demonstrate that
SP600125 is specific for the JNK signaling pathway in these cells. Shown is one example of n = 3 independent

experiments.

tissue-derived precursor cells by adding standard induction
medium not containing bone morphogenic proteins. In sum-
mary, in our opinion these data suggest that most precursor
cells isolated from the stroma-vascular fraction of adult human
adipose tissue biopsies are already committed to the adipogenic
lineage and therefore can serve as a model for human commit-
ted preadipocytes.

During the last few decades, advances in biotechnology ren-
dered the possibility of isolating human mesenchymal stem cells
from umbilical cord blood. It has been shown in many reports
that these cells are truly multipotent (18 —21). This is confirmed
by our data, because we were able to induce adipogenesis and
osteogenesis in these cells under standard conditions without
the use of PPAR-vy agonists or bone morphogenic proteins.
Therefore, to gain insights into the molecular regulation of the
adipogenic determination process in humans, in this study we
compared human multipotent umbilical cord blood mesenchy-
mal stem cells with committed preadipocytes isolated from adi-
pose tissue biopsies from adult human subjects.

On a cellular level, we found similar morphology and expres-
sion of common mesenchymal surface markers (Fig. 1). We
then examined the expression of WNT-5a in both primary cell
populations because this molecule has been related to osteo-
genesis in previous reports (22, 23). Interestingly, we found that
expression of this signaling molecule was significantly higher in
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versy in the literature. In one study,
it has been proposed that in 3T3-L1
cells WNT-5a promotes adipogene-
sis despite the fact that expression of
WNT-5a is down-regulated during
3T3-L1 preadipocyte differentia-
tion into mature fat cells (33). In
contrast, it has been shown on a
molecular level that WNT-5a sig-
naling inactivates the function of
PPAR-vy, the master regulator of
adipogenesis (34). The data from
the second study support our findings that WNT-5a inhibits
adipogenesis of human mesenchymal stem cells.

In this study, we found that WNT-5a activates JNK nonca-
nonical signaling in human mesenchymal stem cells as well as in
the mouse C3H10T1/2 cell line. Interestingly, it has been
shown that JNK signaling is essential in the regulation of bone
formation and that inactivation of JNK signaling impairs osteo-
genesis, although adipogenesis is promoted (35). Furthermore,
on a molecular level it is known that the proximal osteopontin
promoter contains a c-Jun-binding site (36). Therefore, in this
study, we examined the effect of ectopically overexpressed
WNT-5a on osteopontin promoter activity and found an
increase compared with control cells. Because osteopontin is
known to be an important pro-osteogenic factor, this might
suggest a molecular mechanism by which WNT-5a promotes
osteogenesis.

We also noticed a weak but significant inhibitory effect of
WNT-5a on the B-catenin-dependent canonical pathway in
luciferase promoter reporter gene experiments using the TOP-
FLASH plasmid. This is of interest because in a recent report a
cross-link between the noncanonical and the canonical path-
ways was postulated whereby WNT-5a induces an inactivation
of B-catenin (26, 27). In many developmental processes, the
canonical signaling is thought to maintain proliferation capac-
ity of cells (37). Thus, inhibition of proliferation of human mes-
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enchymal stem cells via influencing B-catenin might be a sec-
ond important function of WNT-5a besides promotion of
osteogenic differentiation via the JNK signaling pathway.

The data obtained in this study support the theory that most
precursor cells in human adult adipose tissue are committed
preadipocytes rather than multipotent stem cells. This raises
the question on the time point when the determination of stem
cells into preadipocytes occurs during human development. As
described earlier, a recent report in rodents suggests that pro-
genitor cells in adipose tissue are committed either prenatally
or early in postnatal life (5). This is of interest because many
epidemiological data support the notion that the perinatal
period is a sensitive part in human development with respect to
the pathogenesis of obesity and type 2 diabetes (38, 39). Because
the number of preadipocytes and mature fat cells differs
between lean and obese human adults, further studies will be
necessary to clarify if abnormalities in the determination of
mesenchymal stem cells into preadipocytes in the early child-
hood might contribute to the so called “perinatal priming” of
metabolic diseases of adult human subjects.

In summary, in this study we compared human mesenchy-
mal stem cells and committed preadipocytes on a cellular
and molecular level. Using this approach, we identified that
JNK-dependent noncanonical WNT-5a signaling is impor-
tant to maintain the potential of multipotent stem cells to
undergo osteogenesis and that inhibition of this pathway is a
major event in the determination of these cells into preadipo-
cytes in humans.

Acknowledgments— We gratefully thank all the patients who partici-
pated the study.
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