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Significance: Noggin may be a novel biomarker for obesity.

\_

(Bacl(ground: Besides inhibiting osteoblast differentiation of MSC, noggin may induce adipogenesis.
Results: Noggin induces adipogenic differentiation of MSC via a novel mechanism. Individuals with high BMI have elevated

Conclusion: Noggin regulates both osteoblast and adipocyte differentiation of MSC and, hence, is a master regulator of MSC
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Noggin is a glycosylated-secreted protein known so far for its
inhibitory effects on bone morphogenetic protein (BMP) signal-
ing by sequestering the BMP ligand. We report here for the first
time a novel mechanism by which noggin directly induces adi-
pogenesis of mesenchymal stem cells independently of major
human adipogenic signals through C/EBP6, C/EBPa and perox-
isome proliferator-activated receptor-vy. Evaluation of a possi-
ble mechanism for noggin-induced adipogenesis of mesenchy-
mal stem cells identified the role of Pax-1 in mediating such
differentiation. The relevance of elevated noggin levels in obe-
sity was confirmed in a preclinical, immunocompetent mouse
model of spontaneous obesity and in human patients with
higher body mass index. These data clearly provide a novel role
for noggin in inducing adipogenesis and possibly obesity and
further indicates the potential of noggin as a therapeutic target
to control obesity.

Ever since obesity was recognized as a major health problem,
considerable efforts have been invested in identifying its causes,
which affects individuals all over the world. A variety of factors
play a role in obesity, thus making it a complex health issue to
address. The earlier belief that obesity is caused by uncoupling
of energy intake and expenditure has been further delineated in
the last decade at a molecular level (1, 2). Consequently, roles of
various adipokines such as adiponectin, leptin, and hormones
like testosterone, adrenalin, and thyroid hormones in promot-
ing obesity have been established (3). However, not much infor-
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mation exists on the key molecular mechanism(s) that triggers
adipogenesis.

Adipocytes originate from multipotent mesenchymal stem
cells (MSC), which also give rise to other lineages including
osteoblasts, chondrocytes, and myocytes (4). Within the bone
marrow, the differentiation of MSC into either osteoblasts or
adipocytes is delicately balanced and influenced by several
growth factors. The processes of osteoblastogenesis and adipo-
genesis are reciprocally associated (5). The balance is tilted
toward adipogenesis with age and in several bone diseases with
progressive bone loss such as osteoporosis. MSC from osteopo-
rosis patients have increased adipogenic potential as shown by
increased PPAR-+” levels, which is a major transcription factor
for adipocyte differentiation (6).

Studies using murine models of obesity and aging clearly
show decreased osteoblastogenesis and increased adipogenic
potential of bone marrow MSC (7, 8). Ex vivo cultures of MSC
from these mice showed increased numbers of fully differenti-
ated marrow adipocytes compared with age-matched control
(8). Both these mice models also exhibit decreased osteoblast
numbers and functions (7, 8). Decreased osteoblast function in
such models was not due to impaired levels of bone morphoge-
netic protein (BMP), which is known to induce osteoblast dif-
ferentiation and function, but was rather due to increased nog-
gin levels. Noggin is a glycoprotein that was discovered for its
ability to induce secondary axis formation in Xenopus (9). Clas-
sically, noggin is well known as a potent inhibitor of BMPs and
thus of osteoblast differentiation (10, 11). Very little is known
about other functions of noggin, if any. As the processes of
osteoblastogenesis and adipogenesis are strikingly interdepen-
dent, we hypothesized that in addition to sequestering BMP
from interacting with its receptor, noggin may have a dual role
in inducing adipogenesis and consequently obesity.

2 The abbreviations used are: PPAR, peroxisome proliferator-activated recep-
tor; MSC, mesenchymal stem cell; Pax-1, Paired box gene-1; BMP, bone
morphogenetic protein; ADM, adipocyte differentiation medium; GPDH,
glycerol-3-phosphate dehydrogenase; micro-CT, micro-computed tomog-
raphy; BMI, body mass index.
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This study systematically established the role of noggin in
inducing adipogenesis of MSC. Noggin-mediated adipocytic
differentiation was found to be independent of the classical adi-
pogenic signals but effected via Pax-1. Analysis of MSC from
obese mice and plasma from obese individuals clearly indicated
significantly elevated noggin levels. Collectively, the data
clearly provide a novel role for noggin in inducing adipogenesis
and possibly obesity and further indicates the potential of nog-
gin as a therapeutic target to control obesity.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents—Murine MSC from normal and
C57BL/6 mice with spontaneous obesity were isolated as
described before (12). Briefly, bone marrow was collected by
flushing of femurs and tibiae and culturing of these cells in
Stemline Mesenchymal Expansion medium (Sigma) supple-
mented with 10% fetal bovine serum (Sigma.) and 1% penicillin-
streptomycin, 1.5 mg/liter L-glutamine (Invitrogen), and the
medium was changed every day for removal of non-adherent
cells. Adherent cells were trypsinized and stained with biotiny-
lated antibody to CD11b. Using anti-biotin microbeads (Milte-
nyi Biotec, Auburn, CA), we collected CD11b™ cells and cul-
tured them in Stemline Mesenchymal Expansion medium
supplemented with EGF and platelet-derived growth factor
AA. The presence of MSC was further confirmed by staining
with antibodies to CD11b and CD45. MSC stain negative for
both these markers. Human MSC were a kind gift from Dr.
Larisa Pereboeva from the Department of Pathology, Univer-
sity of Alabama at Birmingham. Recombinant noggin, recom-
binant BMP-2, protein kinase A inhibitor, LY294002, and rapa-
mycin were obtained from Sigma. Antibodies used were rabbit
anti-mouse noggin antibody (Chemicon, Billerica, MA), rabbit
anti-mouse Pax-1 antibody (Santa Cruz Biotechnology, Santa
Cruz, CA), and goat anti-rabbit horseradish peroxidase (HRP)-
conjugated antibody (GE Healthcare).

Generation of MSC with Stable Knockdown of Pax-1 Using
shRNA Plasmid—Custom-designed shRNA expression vector
for Pax-1 was obtained from Sigma. MSC were transfected with
Pax-1 shRNA plasmid or a scrambled shRNA sequence using
Lipofectamine 2000 (Invitrogen) as per the manufacturer’s
directions and incubated 37 °C in the presence of 5% CO,. After
24 h, the transfection medium was replaced with normal
medium, and after another 24 h, the cells were trypsinized and
split 1:4 and cultured in selection medium containing 2 ug/ml
puromycin. Cell lysates from the clonal derivatives were
screened by Western blot to confirm abrogation of Pax-1
expression.

Generation of MSC with Transient Knockdown of Phosphoi-
nositide 3-Kinase (PI3K)—Commercially available siRNA for
PI3K were obtained from Cell Signaling. MSC were transfected
with PI3K-specific siRNA or a control siRNA using Lipo-
fectamine 2000. To maintain down-regulation of PI3K until
differentiation of MSC into adipocytes, this procedure was
repeated every 3 days.

Adipocyte Differentiation and Inhibitor Studies—For adi-
pocyte differentiation, 10* MSC were seeded per well in a
24-well dish (Corning Inc., Corning, NY). Once the cells were
confluent, the medium was replaced with adipocyte differenti-
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ation medium (ADM) containing 10~ ® M dexamethasone, 0.5
pg/ml insulin, 0.5 mM isobutylmethylxanthine, and 10% horse
serum in MSC culture medium (12, 13). The medium was
replenished every 2 days. Recombinant noggin was added at a
concentration of 50 ng/ml. After 14 days adipocytes were
detected by Oil Red O staining. Briefly, cells were fixed in 60%
isopropyl alcohol followed by staining with Oil Red O dye for 30
min. Cells were washed in phosphate-buffered saline (Sigma).
100% isopropyl alcohol was then added to individual wells, and
the intensity of the color was measured at an A, For the
inhibition studies, 20 M protein kinase A inhibitor (14), 20 um
N°-benzoyl-cAMP, sodium salt (6-Bz-cAMP) (15), 20 um
LY294002 (16), 100 nm Wortmannin (17), and 1 nM rapamycin
(16) were added individually or in combination to ADM along
with noggin.

Osteoblast Differentiation of MSC—For differentiation of
MSC into osteoblasts, 10* cells/ml were cultured in osteoblast
differentiation medium in 6-well tissue culture plates contain-
ing 10~ ® M dexamethasone, 10 mm glycerophosphate, and 0.3
mM ascorbic acid for 10 days (12). The medium was changed
every 2 days. 100 ng/ml BMP-2 was added alone or along with
noggin during osteoblast differentiation. After 10 days, cultures
were stained for alkaline phosphatase using commercially avail-
able kit (Sigma) to detect osteoblasts.

Glycerol-3-phosphate Dehydrogenase (GPDH) Activity Assay—
For assessing GPDH activity, MSC were cultured with noggin
alone in ADM, in ADM containing inhibitors, and in ADM con-
taining inhibitors and noggin as described above. Combinations of
any two inhibitors were used for this study. GPDH assay was car-
ried out as described previously (18, 19). Briefly, after 14 days in
culture, cells were washed with PBS (pH 7.4) and harvested in
prechilled 25 mmol/liter Tris-HCI buffer containing 1 mmol/liter
EDTA (pH 7.4) and 1 mmol/liter B-mercaptoethanol. After soni-
cation, aliquots of the cell extracts were added to an assay mixture
containing 100 mmol/liter triethanolamine-HCl (pH 7.5), 2.5
mmol/liter EDTA, 0.12 mmol/liter NADH, and 0.1 mmol/liter 3-
mercaptoethanol, and GPDH activity was measured spectropho-
tometrically at 340 nm. The reactions were started by adding 0.2
mmol/liter dihydroxyacetone phosphate. The GPDH activity was
normalized to the total protein content for each sample and
expressed as milliunits/ug of total protein.

RNA Isolation and Analysis—Total RNA was isolated on
days 0, 3, 4, and 7 from MSC, cultured in ADM and noggin, in
the presence or absence of various inhibitors using TRIzol rea-
gent (Invitrogen). For detecting expression of functional adi-
pocyte markers, RNA was isolated after 14 days of culture under
conditions described earlier. cDNA was prepared using iScript
c¢DNA synthesis kit from Bio-Rad as per the instructions and
was further used for RT-PCR analysis using SYBR Green
(Sigma) to detect expression levels of CCAAT enhancer bind-
ing protein a (C/EBP-a) and CCAAT enhancer binding protein
8 (C/EBP-8), and PPAR-y with GAPDH as the internal control.
Expression of adiponectin, leptin, and -3 adreno receptor,
which are markers expressed by functional adipocytes, were
detected by semiquantitative RT-PCR. The primer sequences
used in PCR reactions were: C/EBP« forward (5'-CCGGGAG-
AACTCTAACTC-3") and C/EBPa« reverse (5'-GATGTAGG-
CGCTGATGT-3'); C/EBPé forward (5'-ACGACGAGAGCGC-
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CATC-3') and C/EBPS (reverse, 5'-TCGCCGTCGCCCCAGTC-
3'); PPARy forward (5'-AGGCCGAGAAGGAGAAGCTGTTG-
3') and PPARvy reverse (5'-TGGCCACCTCTTTGCTCTG-
CTC-3'); adiponectin forward (5'-GCACTGGCAAGTTCTACTG-
CAACA-3') and adiponectin reverse (5'-AGAGAACGGCCTTGT-
CCTTCT-3'); leptin forward (5'-AGCAGTGCCTATCCAGAAA-
GTCCA-3’) and leptin reverse (5'-AATGAAGTCCAAGCCA-
GTGACCCT-3'); -3 adreno receptor forward (5'-CTGCTGTT-
CCTTTGCCTCCAACAT-3') and 3-3 adreno receptor reverse
(5'-AGCCACAACGAACACTCGAGCATC-3"); GAPDH
forward (5'-TCAACAGCAACTCCCACTCTTCCA-3’) and
GAPDH reverse (5'-ACCCTGTTGCTGTAGCCGTAT-
TCA-3").

Western Blot Analysis—The presence of noggin, BMP-2, and
Pax-1 from MSC lysates were detected by Western blot using
rabbit anti-mouse noggin antibody (Chemicon), rabbit anti-
mouse BMP-2 antibody (R&D Biosystems), and rabbit anti-
mouse Pax-1 antibody (Santa Cruz Biotechnology), respec-
tively. A goat anti-rabbit HRP-conjugated secondary antibody
was used for further detection.

Immunocytochemical Staining for Noggin—MSC were grown
on slide chambers, washed with PBS, and fixed with 10% for-
malin containing 0.1% Triton X-100 for 20 min followed by
washing in PBS containing Ca®" and Mg>" and blocked with
2% BSA. Cells were then stained with an anti-noggin antibody
overnight at 4 °C and washed with PBS containing 0.05% Tween
20 and stained with a FITC-conjugated secondary antibody
(Invitrogen) for 1 h and washed with PBS (3%, 10 min each).
Nuclei were stained using DAPI. The cells were imaged at 200X
original magnification on a Leica DMI 4000B fluorescent
microscope (Leica Microsystems Inc., Bannockburn, IL) to
qualitatively determine noggin levels.

Dual-energy X-ray Absorptiometry, Microcomputed Tomog-
raphy (Micro-CT), and Histology—For dual-energy x-ray
absorptiometry analysis, animals were briefly anesthetized with
an isoflurane (2%), oxygen mixture and placed in a prostrate
position on the imaging plate. Body weight, fat mass, lean mass,
and percent fat was assessed in vivo by dual-energy x-ray
absorptiometry (GE-Lunar PIXImus, Version 1.45; Madison,
WI). Histomorphometric parameters, including bone volume,
trabecular connectivity, trabecular thickness, trabecular sepa-
ration, and degree of anisotropy were evaluated using high res-
olution micro-CT imaging system (uCT40; SCANCO Medical,
Wayne, PA).

Formalin-fixed tissues were decalcified in EDTA solution for
2 weeks and embedded in paraffin. Longitudinal sections of
5-um thicknesses were cut from paraffin-embedded blocks of
frontal sections of tibia using a Leica 2265 microtome. Sections
were then stained with hematoxylin and eosin for histological
evaluation.

Analysis of Noggin Levels in Human Plasma Samples—The
study subjects were recruited in the Webb Clinical Research
Facility in the University of Alabama at Birmingham Depart-
ment of Nutrition Sciences using an approved protocol by the
Institutional Review Board. Those meeting inclusion require-
ments were subsequently enrolled. Participating individuals
were grouped into two based on their BMI. Individuals with
BMIs less than 27 were grouped in the lean group, and individ-
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uals with BMI higher than 27 were grouped in the obese group.
Near equal numbers of males and females and Caucasians and
African Americans were included in the study samples. The
final study group comprised 25 volunteers in each group with
ages between 21 and 55. Plasma samples from lean and obese
individuals were collected and used to detect noggin levels
using commercially available Human Noggin ELISA kit (cata-
log ABIN415152, Life Science Inc., Atlanta, GA) as per the
manufacturer’s instructions.

Statistical Analysis—Data were analyzed by one-way analysis
of variance. A Tukey test was also applied for multiple compar-
isons wherever applicable. Values provided are the mean *+ S.E.,
and the differences were considered significant if p < 0.05.

RESULTS

Noggin Induces Adipocyte Differentiation of MSC Independ-
ently of Known Adipocyte Differentiation Mechanisms—Bone
marrow-derived MSC from mouse and human were differenti-
ated in ADM in the presence or absence of noggin. There was a
significant increase in the numbers of adipocytes when MSC
were cultured in the presence of only noggin (Fig. 14). When
cultured in adipocyte differentiation medium alongside noggin,
there was no further increase in adipocytic potential of MSC
(Fig. 1B). We cultured MSC with the suboptimal concentration
of noggin along with ADM to assess if there was any additive
effect. But the results clearly showed the absence of additive
effect (data not shown). Before inducing adipocyte differentia-
tion of MSC in the presence of noggin, the cells were cultured in
the presence of BMP-2 and osteoblast differentiation medium
to assess if the recombinant noggin protein was biologically
active. Upon the addition of noggin to osteogenic media, nog-
gin was able to inhibit BMP-2-induced osteoblast differentia-
tion (supplemental Fig. S1).

Adipocytic differentiation of MSC involves induction of
PI3K, mTOR/AKT, and cAMP. To further define the role of
noggin in inducing adipocytic differentiation of MSC and to
determine whether adipocyte differentiation of MSC is signaled
through known pathways of adipogenesis, murine MSC were
cultured with noggin and inhibitors of adipogenesis. The inhib-
itors used in this study were LY294002, rapamycin, and protein
kinase A inhibitor, which prevent activation of PI3K, mTOR/
AKT, and cAMDP, respectively. To characterize the effects
through a specific pathway of adipocyte differentiation, MSC
were cultured with the inhibitors either individually or in com-
binations in the presence of noggin. Data from this study indi-
cated that noggin induces adipocyte differentiation in the pres-
ence of all inhibitors tested (Fig. 1, C and D, supplemental Fig.
S2). These experiments were also repeated by using additional
inhibitors of PI3K (wortmannin) and cAMP (N°®-benzoyl-
cAMP, sodium salt) (supplemental Fig. S3). Similar results were
observed that further confirmed the role of noggin in adipocyte
differentiation. Although presence of the three inhibitors
together caused cell death, the percent of adipocytes formed in
the presence of noggin remained the same (Fig. 1E). Alterna-
tively, to rule out further cellular toxicity by use of inhibitors,
MSC transfected with siRNA for PI3K were differentiated into
adipocytes under identical conditions. Similar to the above
observations, the presence of noggin induced adipocyte differ-
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FIGURE 1. Noggin induces adipocyte differentiation of MSC. A, to determine the possible role of noggin in ind

ucing adipocyte differentiation of MSC, 10*

MSC derived from mice and humans were cultured in the presence of 500 ng/ml concentrations of recombinant Noggin only, noggin + ADM, and ADM only
for 14 days. The presence of adipocytes was detected by Oil Red O staining as mentioned under “Experimental Procedures.” B, shown are representative
micrographs of adipocyte differentiation of MSC in the presence of noggin. C, 10* MSC were cultured in ADM in the presence or absence of noggin. Three
different inhibitors of adipocyte differentiation (LY294002, rapamycin, and protein kinase A inhibitor (PK/)) were added either individually or in the indicated
combinations during the culture. After 14 days, Oil Red O staining was performed to detect the presence of adipocytes. D, representative micrographs of
adipocyte differentiation of MSCin the presence of noggin and inhibitors is shown. All the experiments were repeated three times independently (n = 3;*,p <

0.05). E, percent adipocytes in total number of cells is indicated for each experimental group (n = 3;*, p < 0.05).

entiation of MSC transfected with PI3K siRNA (supplemental
Fig. S3B). This data clearly indicates that noggin-mediated adi-
pogenesis is independent of known adipogenic mechanisms.
Because use of all three inhibitors was toxic and caused cell
death, subsequent experiments were performed using a combi-
nation of any two inhibitors.

Noggin Induces Expression of Transcription Factors Required
for Adipocyte Differentiation—Three major transcription fac-
tors involved in adipocyte differentiation are C/EBPS, C/EBPa,
and PPARY, which are expressed on days 3, 4, and 7, respec-
tively, during adipocyte differentiation of MSC. When MSC
were cultured in ADM in the presence of any two inhibitors that
could block PI3K, mTOR/AKT, or cAMP activation, the
expression of transcription factors and adipogenesis was inhib-
ited. But when noggin was added to the same culture, interest-
ingly, their expression was restored, and MSC readily differen-
tiated into adipocytes (Fig. 2A). Next, the cells were treated with
the three inhibitors either individually or in combinations for 3,
4, and 7 days before the addition of noggin to assess its effect on
adipocyte differentiation. Results of this study demonstrated
that noggin was still able to induce adipocyte differentiation of
MSC when added even at later time points of adipogenic differ-
entiation (Fig. 2B).

Functional assessment of noggin-induced adipocytes was
performed by determining GPDH activity and expression of
adiponectin, leptin, and -3 adreno receptor. MSC were cul-
tured in the presence of noggin only, in the ADM, in the ADM
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containing combination of any two inhibitors (data shown for
LY294002 and rapamycin; data not shown for other combina-
tions), and in ADM along with inhibitors and noggin. As
expected, MSC cultured in ADM differentiated into functional
adipocytes, assessed by high GPDH activity and expression of
adiponectin, leptin, and -3 adreno receptor (Fig. 2, C and D).
Similarly, results were obtained when MSC were cultured with
noggin alone, thus confirming that noggin-induced differenti-
ation of functional adipocytes. MSC cultured in ADM and
inhibitors did not show elevated GPDH activity and lacked
expression of functional adipocyte markers, as they did not dif-
ferentiate into adipocyte. But this phenotype was rescued by the
addition of noggin (Fig. 2, C and D).

Elevated Noggin Levels in Obese Individuals—Clinical signif-
icance of the above observation was further confirmed by assay-
ing plasma noggin levels from individuals with a body mass
index (BMI) <27, which was considered lean, and from individ-
uals with BMI >27, which was considered obese. Twenty-five
samples were included for each group. Obese individuals
showed strikingly higher plasma noggin levels compared with
individuals with BMIs <27 (Figs. 3, A and B). The mean BMI for
the lean and obese individuals were 24.4 and 35.1, respectively.
Inclusion of subjects in the cohorts had equal numbers of adult
males and females (age 21-55) and also equal numbers of Cau-
casians and African American population, indicating the
results were not due to without gender or racial variables.
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FIGURE 2. Noggin-mediated adipocyte differentiation of MSC is independent of known mechanisms. A, MSC were cultured with noggin, ADM, ADM +
inhibitors, and ADM + noggin + inhibitors. Total RNA was isolated on days 3, 4, and 7 to detect expression of C/EBP§, C/EBP«, and PPARYy, respectively, by real
time RT-PCR. Results are presented as relative expression compared with their expression in MSC on day 0. B, MSC were treated with LY294002 and rapamycin
for 3,4,and 7 days in ADM before the addition of noggin. The treatment with inhibitors was continued until the end of experiment at which point the presence
of adipocytes was determined by Oil Red O staining. C, MSC were cultured with noggin, ADM, ADM + inhibitors (LY294002 + rapamycin) and ADM + noggin
+ inhibitors. After 14 days of culture, cell lysates were prepared and used for assaying GPDH activity as described under “Experimental Procedures.” D, RNA was
isolated from MSC cultured with noggin, ADM, ADM + inhibitors, and ADM + noggin + inhibitors after 14 days of culture. Expressions of adiponectin, leptin,
and -3 adreno receptor were detected by semi quantitative RT-PCR analysis. All the experiments were performed three times independently (n = 3;*,p <
0.05).

To further identify if the elevated noggin level is associated noggin mediated adipogenesis. It is known that mice with nog-
with obesity in mouse models of spontaneous obesity and if gin haploinsufficiency exhibit reduced Paired box gene-1
higher expression of noggin is found in the MSC of mice with ~ (Pax-1) levels (20, 21). MSC from spontaneously obese mice,
spontaneous obesity, MSC from C57BL/6 mice with spontane- ~ which exhibit high noggin levels, were found to have signifi-
ous obesity were isolated. Once again, irrespective of the gender  cantly elevated levels of Pax-1, thus raising the possibility of a
of these mice, noggin levels were elevated in their MSC com- novel adipocyte differentiation pathway of noggin through
pared with age-matched controls (Fig. 3, C and D). MSC from  Pax-1 (Fig. 5A4). To confirm the hypothesis that noggin-medi-
the obese mice also spontaneously differentiated into adi- ated adipocyte differentiation occurs via Pax-1, expression of
pocytes in culture without the need of exogenous noggin (Fig. Pax-1 in MSC derived from obese mice was abrogated in situ
3E). Interestingly, when MSC from obese mice were culturedin  using Pax-1 shRNA (supplemental Fig. S4). As a control, MSC
the presence of known adipogenic inhibitors, there was no were transfected with a scramble shRNA construct. Adipocyte
effect on adipogenic differentiation. differentiation was carried out in the ADM along with inhibi-

Elevated Noggin Levels in Obese Mice Are Associated with  tors of classical adipocyte differentiation pathways. This segre-
Increased Body Fat and Decreased Bone Density—We meas- gated noggin-mediated adipogenesis from the canonical path-
ured total body fat of the spontaneously obese mice for elevated ~ ways and further facilitated to study if Pax-1 has any role in this
noggin levels. Results of this analysis indicated that the obese process. Exogenous noggin was not added, as MSC from obese
mice had double the amount of body fat compared with the mice have elevated endogenous noggin. Obese MSC expressing
gender- and age- matched controls, which do not show elevated  either scr or shPax-1 differentiated into adipocytes as expected.
noggin levels. These data further support our claim that noggin  But in the presence of inhibitors, when only noggin mediated
induces adipogenesis (Table 1). Furthermore, these mice also pathway was active, obese MSC expressing shPax-1 failed to
had significantly reduced bone mass index. The bone marrow differentiate into adipocytes, whereas those expressing scr-
of these mice contained excessive adipocytes along with signif-  Pax-1 differentiated into adipocytes (Fig. 5B). These data dem-
icantly reduced trabecular bone thickness in both femur and onstrate that noggin-mediated adipocyte induction is through
tibia (Fig. 4, A and B). Micro-CT analysis of both the femurand Pax-1 activation and thus provides evidence for a novel adi-
tibia from these obese mice showed a dramatic reduction in  pocyte differentiation pathway.
trabecular numbers, trabecular spaciation, and total bone vol-
ume (Fig. 4, C-E). DISCUSSION

Noggin Mediates Adipocyte Differentiation via Pax-1—Next, We demonstrate here for the first time a novel role for noggin
we sought to understand the molecular pathway through which  asan inducer of adipogenesis. Significantly elevated noggin lev-
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FIGURE 3.Noggin levels are elevated in obese individuals and obese mice. A, plasma samples from lean individuals (BMI < 27) and obese individuals (BMI >
27) were used to detect the levels of noggin using a commercially available ELISA kit (n = 25; p = 0.008). B, a Western blot for detecting presence of noggin was
carried out on lean and obese plasma samples using anti-mouse Noggin antibody (n = 25). C, MSC were isolated from BM of obese mice. Cell lysates were
prepared from both normal and obese mice MSC, and noggin expression was by Western blot using anti-noggin antibody. A representative blot is presented
here (n = 3). D, MSC from normal and obese (Ob) mice were grown on chamber slides and stained using anti-noggin antibody followed by FITC-labeled
secondary antibody to detect the presence of noggin inside the cells. A representative image from each sample is shown here. Nuclei were stained using DAPI.
Magnification is 200X (n = 3). E, MSC from the obese mice were cultured in the presence of inhibitors for adipocyte differentiation. Adipocytes were detected

as mentioned before. The experiment was repeated three times (n = 3;*, p < 0.05).

TABLE 1

Obese mice exhibit twice the amount of fat compared to the normal
mice

Normal and obese mice were subjected to DXA analysis to measure total body fat
content. n = 3.

Weight
+S.E.

% Fat
+S.E.

Total +
S.E.

Fat =
S.E.

Lean =

Animals S.E.

g g g g
Normal 25.86 = 0.54 19.5%0.35 33 %031 228=*12 144 *0.89
Obese 3278 £1.02 199 £0.69 9.55x0.24 2945=*1 325=*0.21

els in obese individuals clearly signify that in addition to being a
potential target, noggin may also serve as a potential surrogate
biomarker for obesity. Results of the current study also indicate
that noggin acts as a key regulator balancing bone formation
and adipogenesis. Reduced bone density has been previously
reported in other murine obesity models as well (7, 8). Initially,
it was thought that increased BMI protects against osteoporosis
and bone fractures (22), but recent studies prove otherwise (23).
Obese individuals show increased bone fat along with reduced
trabecular bone mass. Aged women and women with osteopo-
rosis also show increased bone fat levels and are susceptible to
fractures (22). From our data, it is highly suggestive that
increased noggin levels could result in increased bone fat and
reduced BMD, and thus noggin could act as a molecular switch
controlling the fate of MSC differentiation.

This study identified that noggin-mediated adipogenesis of
MSC is independent of known adipogenesis pathways, which
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involve activation of PI3K, mTOR/AKT, and cAMP. Signals
from these activators lead to expression of C/EBP§, C/EBPq,
and PPAR-v, which are key transcription factors of adipogene-
sis. Noggin was able to induce expression of all these three
transcription factors during adipocytic differentiation of MSC.
PPARyand C/EBPa cross-regulate each other to maintain gene
expression. Both these transcription factors either alone or in
cooperation with each other induce the transcription of many
adipocyte genes encoding proteins and enzymes involved in
creating and maintaining the adipocyte phenotype (24).

Based on our novel observation, up-regulation of noggin
marks an independent mechanism of inducing adipogenesis.
The factors that lead to noggin up-regulation remain unex-
plored. But there are some possible mechanisms that may be
considered. Insulin-like growth factor-1 (IGF-1), an important
differentiation factor for osteoblasts, suppresses noggin expres-
sion (25). It is very important for maintenance of bone homeo-
stasis. During obesity, IGF-1 is drastically reduced. Hence, the
interplay between IGF-1 and noggin may be a key to understand
noggin-mediated adipogenesis (23). Further studies need to
elucidate the molecular mechanism of noggin-induced Pax-1
up-regulation. Pax-1 encodes a DNA-binding protein with
transcriptional activating properties and plays a role during
embryonic patterning (20, 21). Mice with noggin haplo- insuf-
ficiency exhibit reduced Pax-1 levels. Recently Pax-1 was
mapped to the locus chromosome 2 in mice and chromosome
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FIGURE 4. Obese mice with elevated noggin have reduced bone mineral density. A, femurs and tibiae from normal and obese mice were used for micro-CT
analysis of trabecular bone. A representative image is shown. B, histology of bone sections for femur and tibia from normal and obese mice after hematoxylin
and eosin staining are shown. Various parameters such as trabecular number (1/mm) (C), trabecular speciation (mm) (D), and bone volume/total volume (E)
were analyzed based on micro-CT data. Data are representative of micro-CT analysis from three different mice (n = 3; *, p < 0.05).
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FIGURE 5. Noggin mediates adipocyte differentiation via Pax-1. A, cell
lysates obtained from normal and obese MSC were detected for presence of
Pax-1 by Western blot using anti-Pax-1 antibody. A representative blot is
shown here. B, MSC with Pax-1 abrogation by stable transfection using Pax-1
SshRNA (MSChPax1) were subjected to adipocyte differentiation in the pres-
ence and absence of LY294002 and rapamycin. As a control, MSC stably trans-
fected with a scramble construct (MSC**"*") was used. After 14 days, the
presence of adipocytes was detected by Oil Red O staining. All the experi-
ments were repeated three times (n = 3; *, p < 0.05).

20p11.1 in humans, both of which also contain various obesity
genes (26). Mutation in Pax-1 gene in mice results in substantial
decrease in adiposity index (26). Further support for the role of
Pax-1in adipogenesis is also suggested from the promoter anal-
ysis of PPAR-y, C/EBP-, and C/EBP-6 genes. Promoter
regions of genes encoding these transcription factors display
putative Pax-1 binding sites, indicating a possible role of Pax-1
in noggin-mediated adipogenesis. Further studies are needed to
elucidate the molecular mechanism of noggin-induced Pax-1
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up-regulation. The role of noggin and Pax-1 has been studied
well during the early stages of embryonic development. Noggin
induces Pax-1 expression during sclerotome development in
the early somite stage (27). Mutation in noggin completely
abrogates Pax-1 expression and further results in reduced sur-
vival of sclerotome (28). Besides, BMP-2 and BMP-4 are potent
inhibitors of Pax-1 induction and are known to inhibit scle-
rotome growth and development (29). Thus, inhibition of BMP
signaling by noggin is important for somite development in
vertebrates (30). BMPs induce osteoblast differentiation, and
expression of BMPs results in reduced adipogenesis of MSC
(31). Because the results of this study indicate that noggin
induces adipogenesis, we speculated that MSC from obese
mice, with elevated noggin and Pax-1 levels, may have reduced
BMP-2 expression compared with normal MSC. Interestingly,
when tested for this possibility, MSC from obese mice in fact
indicated drastically low levels of BMP-2 (supplemental Figs.
S5). Thus, down-regulation of BMP-2 by noggin may also be
a mechanism for elevated Pax-1 expression to facilitate
adipogenesis.

As noggin is a secreted protein, it can be speculated that it
functions in a paracrine manner leading to obesity. It remains
to be determined how noggin may act in a paracrine fashion.
One of the possibilities is that noggin may act through BMP
receptors. It is known that signaling via BMP receptor Ia leads
to adipocyte differentiation, whereas signaling via BMP recep-
tor Ib leads to osteoblast differentiation (32). BMP receptors
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commonly signal through activation of Smad family of proteins.
Smad1, which is a receptor-regulated Smad protein, undergoes
phosphorylation during adipogenesis via BMP receptor (33,
34). Binding of phosphorylated Smadl to Smad4, a common
mediator Smad, induces expression of PPAR-y and CEBP-a.
Overexpression of Smad6, a natural antagonist of Smadl,
blocks Smadl activation and thus inhibits adipogenesis (35).
Smad3, which is also a receptor-regulated Smad, inhibits adi-
pogenic differentiation of MSC (36, 37). Besides roles played by
Smad proteins in adipogenesis, activation of p38 kinase also
leads to adipocytes formation (33, 34). Thus, further studies to
delineate possible roles of these proteins in noggin-mediated
adipogenesis would provide more details. p38 kinase is known
to greatly enhance transactivation of Pax family of proteins,
mainly Pax-5 and Pax-6 (38). It will also be interesting to inves-
tigate if p38 kinase has a similar effect of Pax-1 activation. It
needs to be determined if adipocytes can secrete noggin and
whether there is a paracrine effect leading to progressive obe-
sity. Thus, further understanding of noggin-mediated adi-
pocyte pathways may have a profound impact in developing
therapies for treating obesity.
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