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Bone morphogenetic protein-3b (BMP-3b) is
expressed in adipocytes and inhibits adipogenesis
as a unique complex

J Hino, T Miyazawa, M Miyazato and K Kangawa

Department of Biochemistry, National Cerebral and Cardiovascular Center Research Institute, Osaka, Japan

Background: Bone morphogenetic protein-3b (BMP-3b) is a member of the transforming growth factor-f (TGF-f) superfamily.
BMP-3b regulates osteogenesis and has critical roles in developing embryos. BMP-3b is expressed not only in the bone and
developing embryos but also in adipose tissues. However, the functions of BMP-3b in adipose tissue are still unknown.
Methods: BMP-3b expression was quantified in various adipose tissues and in the adipose-derived stromal-vascular fraction
(SVF) and mature adipocyte fraction (AD.F) of mice. We also used 3T3-L1 preadipocytes to analyze the expression, function and
molecular forms of BMP-3b. In order to determine the effects of BMP-3b on the adipogenesis of 3T3-L1 cells, BMP-3b siRNA-
mediated knockdown and gene overexpression studies were performed, and a conditioned medium (CM) containing the
BMP-3b protein was added to 3T3-L1 cell cultures. Adipocyte differentiation was evaluated by measuring the expression of
adipogenic markers or by Oil Red O staining. The molecular form of BMP-3b that was secreted from the 3T3-L1 cells was
analyzed by western blotting.

Results: BMP-3b is expressed in all adipose tissues and is expressed at higher levels in preadipocytes than in mature adipocytes.
In mesenteric adipose tissue, BMP-3b expression was increased in diet-induced obesity (DIO) mice as compared with that in
control mice. BMP-3b was also expressed highly in 3T3-L1 cells. We showed that siRNA-mediated knockdown of endogenous
BMP-3b expression in 3T3-L1 cells enhanced adipogenesis. Conversely, overexpressing BMP-3b inhibited adipocyte
differentiation. We also showed that addition of CM containing the BMP-3b protein inhibited the differentiation of 3T3-L1
cells, and that this inhibitory effect was abolished by removing BMP-3b with an anti-BMP-3b antibody. Furthermore, BMP-3b
was secreted from adipocytes as a unique non-covalent complex.

Conclusion: These data suggest that BMP-3b is secreted from adipocytes and is involved in adipocyte differentiation.
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Introduction factors will enhance our understanding of the function of
adipose tissue, including adipogenesis.

Adipose tissue has a critical role in energy balance, and The members of the bone morphogenetic protein (BMP)

therefore contributes to the development of obesity. Recent
studies have shown that adipose tissue functions as an
endocrine organ and secretes various factors, such as
adiponectin, leptin, resistin and tumor necrosis factor-o.'~
These factors have important autocrine/paracrine roles in
regulating adipocyte differentiation and metabolism, and
their expression or secretion level is affected by the degree of
adiposity. The identification and characterization of novel
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family are a subgroup of the transforming growth factor-f
(TGF-p) superfamily.*> We originally isolated BMP-3b (also
called growth/differentiation factor-10) from a rat femur,
and subsequent studies have shown that BMP-3b inhibits
osteoblast differentiation.®® In osteoblasts, BMP-3b tran-
scription correlates with differentiation. It has been reported
that BMP-3b is augmented by hypoxia in chondrocytes, a
process that is regulated by SOX9;!° is repressed by DNA
promoter methylation and has tumor-suppressive functions
in lung cancer and malignant mesothelioma.'""'? Previously,
we showed that BMP-3b is essential for head formation in
Xenopus embryos and acts as a dorsalizing factor.'*> BMP-3b
also interacts with other BMP family members, such as
BMP-2 and nodal-like protein.!?


http://dx.doi.org/10.1038/ijo.2011.124
mailto:miyazato@ri.ncvc.go.jp
http://www.nature.com/ijo

Role of BMP-3b in adipocyte differentiation
| Hino et al

726

BMPs are synthesized as precursor proteins that are
proteolytically cleaved to generate an N-terminal pro-region
and a C-terminal mature region.*>° In general, BMPs are
biologically active as dimers of the mature region.*>?
The mature region of BMP-3b and BMP-3, which are in the
same BMP subgroup, share approximately 80% amino-acid
sequence identity and both proteins have the same functions
in osteoblasts and embryonic development.”'*"'> On the
other hand, the pro-regions of BMP-3b and BMP-3 share only
30-35% similarity, and BMP-3b has a unique region that is
required for head formation in Xenopus embryos. Thus,
BMP-3b and BMP-3 possess different activities.”'?

BMP-3b is strongly expressed not only in the bone and
developing embryos but also in mammalian adipose
tissue.”'® The expression of other BMPs in adipose tissue
has not been determined, but the BMP receptors (activin
receptor-like kinase-2 (ALK2), ALK3, ALK4, ALK6; BMP type-II
receptor (BMPR-II); activin type-II receptor (ActR-II); and
ActR-IIB) are expressed in adipocytes.'”'® Although the
secretion process and the molecular forms of BMPs secreted
by adipocytes are unclear, certain BMPs, such as BMP-2 and
BMP-7, have been reported to promote adipogenesis.'®>?
However, the functions of BMP-3b and BMP-3 in adipocytes
are unknown.

To elucidate the role of BMP-3b in adipose tissue, we
examined the expression levels and activity of BMP-3b
during adipocyte differentiation and identified the molecu-
lar forms of BMP-3b that are secreted by adipocytes. We
found that BMP-3b is expressed at higher levels in pre-
adipocytes than in mature adipocytes, and that its expres-
sion level is augmented in mesenteric adipose tissue from
diet-induced obesity (DIO) mice. Small interfering RNA
(siRNA)-mediated knockdown of BMP-3b expression en-
hances adipogenesis in the preadipocyte cell line 3T3-L1.
By contrast, BMP-3b gene overexpression and addition of the
BMP-3b protein suppress adipogenesis in 3T3-L1 cells. We
also show that 3T3-L1 cells endogenously secrete biologically
active BMP-3b as a unique complex that contains both the
pro-region and the mature region.

Materials and methods

Quantitative RT-PCR analysis

Total RNA was extracted from tissues by using the TRIzol
reagent (Invitrogen, Life Technologies Corp., Carlsbad, CA,
USA) or from cells by using the RNeasy kit (Qiagen,
Hamburg, Germany) according to the manufacturer’s in-
structions. cDNA was synthesized by using a quantitative
cDNA kit (Qiagen), and a portion of the cDNA was amplified
by using the LightCycler System (Roche, Basel, Switzerland)
and SYBR Premix Ex Taq (TaKaRa, Shiga, Japan). Gene copy
numbers were derived from a standard curve by using serially
diluted plasmid cDNAs and were normalized against the
ribosomal protein S18 (S18) mRNA or 18S ribosomal RNA
(18S). The primers are listed in Supplementary Table 1.
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Animals

All experiments were conducted in accordance with the
National Cerebral and Cardiovascular Center Research
Institute Guide for the Care and Use of Experimental
Animals. DIO C57BL/6] (B6J-DIO) and C57BL/6] mice were
obtained from Jackson Laboratory (Bar Harbor, ME, USA).
The B6J-DIO mice were generated by administering a
high-fat diet (60kcal% fat; D12492; Research Diet, New
Brunswick, NJ, USA).

Fractionation and isolation of SVF from adipose tissues
Adipose tissue was fractionated as described previously,*
with some modifications. Briefly, fat pads were isolated from
6-week-old male C57BL/6] mice and then minced. Upto 1g
of tissue was digested with 1mg of collagenase type-VIII
(Sigma, St Louis, MO, USA) in Krebs-Ringer bicarbonate
HEPES buffer containing 1% bovine serum albumin (Sigma)
at 37°C for 1h. After centrifugation, adipocytes were
obtained from the upper layer and the stromal-vascular
fraction (SVF) was obtained from the precipitated cells.

Cell culture

Cells from the SVF were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) (Invitrogen) with 10% calf serum
(Invitrogen). Two days after reaching confluence (experi-
mental day 0), the cells were differentiated with 1pgml™"
of insulin, 0.5mM 3-isobutyl-1-methylxanthine, 0.25uMm
dexamethasone and 10% fetal bovine serum (FBS) (Invitro-
gen). On day 2, the induction medium was replaced with
DMEM containing 1 pgml ™! insulin and 10% FBS. On day 4,
the medium was changed to DMEM containing 10% FBS and
replaced every other day. 3T3-L1 cells were obtained from
the American Type Culture Collection and subcultured in
DMEM containing 10% calf serum. 3T3-L1 cells were
differentiated with the SVF as described above. Chinese
hamster ovary (CHO) cells were obtained from the American
Type Culture Collection and maintained in o-minimum
essential medium (Invitrogen) containing 10% FBS or
Opti-MEM (Invitrogen) without FBS.

Small interfering RNA

An siRNA specific for mouse BMP-3b (Silencer Select Pre-
designed s66568) was purchased from Ambion (Austin, TX,
USA). The targeted nucleotide sequence of the siRNA was
CCACATGCCCTATATCCTT. Silencer Select Negative Control
#1 (Ambion) was used as a control.

Construction of expression plasmids

Plasmids encoding rat BMP-3b under the control of the SR-o
promoter and Flag-tagged rat BMP-3b under the control of
the cytomegalovirus (CMV) promoter were used in this
study.” The Flag tag was inserted at the N-terminus of the



mature region, and the Flag-tagged BMP-3b protein had the
same biological activity as untagged BMP-3b, as we reported
previously.'® The SR-a-BMP-3b plasmid was used to generate
CHO cells stably expressing rat BMP-3b as described below.%°

Transfections

3T3-L1 cells were transfected with plasmids using a Nucleo-
fector (Lonza, Basel, Switzerland) according to the manufac-
turer’s recommendations. Briefly, the cells were harvested
and resuspended in the Nucleofector solution (100ul) at
2-4x10° cells. After adding 2-10ug of the expression
plasmid, the cells were transfected by using program ‘T-30’
for preadipocytes or ‘A-33’ for adipocytes. The cells were
then plated at 1 x 10°cellscm 2 and used in differentiation
experiments 2 days later. CHO cells were transfected as
described previously.'?

For siRNA-mediated knockdown of 3T3-L1 cells, the cells
were transfected with each siRNA (50nM) using a Nucleo-
factor, plated at 1.25 x 10° cellscm ™2 and then differentiated
after 4 h.

Oil Red O staining

The cells were washed twice with phosphate-buffered saline,
fixed in 10% formalin neutral buffer solution for 1h and
then stained with Oil Red O solution for 2h at room
temperature. Excess stain was removed by washing with
water.

Biochemical analyses

Conditioned media from cells transfected with the BMP-3b
expression plasmid were collected 3 days after transfection
and immunoprecipitated by using the Flag-Tagged Protein
Immunoprecipitation kit (Sigma) or an anti-BMP-3b
pro-region antibody (3bpro) IgG immunoaffinity gel, as
described previously.'® The conditioned medium (CM) was
purified with Heparin-Sepharose (GE Healthcare, Little
Chalfont, UK) (Figure 5c). An antibody specific to the pro-
region of rat BMP-3b, 3bpro, was produced by immunizing
rabbits with the synthetic peptide SEPPRWPRAREVEFC,
corresponding to amino acids 133-146 of BMP-3b. A 3bpro
immunoaffinity gel was prepared by coupling AFFI-GEL 10
(Bio-Rad, Hercules, CA, USA) to the IgG fraction of 3bpro
serum, as reported previously.>* The antibody against the
mature region of human BMP-3b was purchased from R&D
Systems (AF1543; Minneapolis, MN, USA) (Figures 4a and d,
and 6b and c).

CHO cells stably expressing BMP-3b generated by the
dihydrofolate reductase-coupled method were used to
prepare the recombinant BMP-3b protein as described
previously.® Parental wild-type CHO cells were used as
control. The CHO CM was collected and filtered through a
0.45-pm Milliex Filter Unit (Millipore, Billerica, MA, USA). A
concentrated CM was prepared using Centriprep (Millipore),
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as described previously.'®> The CM was subjected to a 3bpro
antibody IgG immunoaffinity gel column, and the pass-
through fraction was used for experiments (Figures 4d-f).
Western blotting was performed as described previously.'?
Briefly, the samples were separated on an sodium dodecyl
sulfate-PAGE gel (TEFCO, Tokyo, Japan) and transferred onto
nitrocellulose membranes (Bio-Rad). The membranes were
probed with the appropriate antibodies and developed by
using SuperSignal West Pico or Femto (Pierce, Waltham, MA,
USA). Signal was detected using LAS-1000 (Fujifilm, Tokyo,
Japan).

Statistical analysis
Data are expressed as the means +s.e.m. and were analyzed
statistically by Student’s f-test.

Results

BMP-3b is predominantly expressed in adipose tissue

Mouse BMP-3b mRNA was highly expressed in epididymal
adipose tissue, the brain, bone and aorta (Figure 1a). We used
quantitative reverse transcription-PCR (RT-PCR) to examine
BMP-3b expression in other adipose tissues and compared
BMP-3b expression to BMP-3 and BMP-2 expression in these
tissues. BMP-3b was expressed in all adipose tissues, with the
highest expression in epididymal adipose tissue, where
expression was approximately five times higher than that
in brown adipose tissue (Figure 1b). Mouse BMP-3 and BMP-2
were expressed in all of the examined adipose tissues, but at
much lower levels than that in BMP-3b (Figure 1b).

Because adipose tissue contains a mature adipocyte
fraction (Ad. F) together with the SVF that contains pre-
adipocytes, we separated the Ad. F from the SVE. BMP-3b was
expressed at significantly higher levels in the SVF than in the
Ad. F (Figure 1c). By contrast, BMP-3 expression was much
lower than BMP-3b expression and was higher in the Ad. F
than in the SVF (Figure 1c and Supplementary Figure 1a).
BMP-2 mRNA was expressed at lower levels than BMP-3b
mRNA and was comparably expressed in the SVF and the
Ad. F (Figure 1c and Supplementary Figure 1la). We also
examined BMP-3b expression in mature adipocytes that were
differentiated (day 8) from SVF primary cultures. BMP-3b
expression was detected at day O but decreased by day 8
(Figure 1d). By contrast, BMP-3 was undetectable at day O
and was expressed at low levels on day 8 (Figure 1d and
Supplementary Figure 1b). BMP-2 expression was lower than
BMP-3b expression and was roughly equal at day 0 and day 8
(Figure 1d and Supplementary Figure 1b). Moreover, we
examined the changes in BMP-3b expression in the adipose
tissues of obese mice induced by high-fat diet. The BMP-3b
mRNA levels were higher in the mesenteric adipose tissue of
DIO mice as compared with that in control mice, whereas in
other adipose tissues such as subcutaneous adipose tissue,
BMP-3b expression was not obviously altered in the DIO
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Figure 1 Expression of BMP-3b, BMP-3 and BMP-2 in mice. Expression
levels were quantified by quantitative RT-PCR. (a) BMP-3b expression in
mouse tissues. sk, skeletal. (b) Epididymal, mesenteric, perirenal, subcuta-
neous and brown adipose tissues from a male mouse. BAT, brown adipose
tissue. (c) SVFs and Ad. Fs from mouse epididymal fat pads. **P<0.01 versus
SVF. (d) Primary culture of SVF differentiation. Day 0, preadipocytes; day 8,
mature adipocytes, **P<0.01 versus day 0. (a-d) a.u., copy numbers
corrected according to the S18 amplification values. (e) DIO mice were
generated by administering a high-fat diet for 4 weeks. The expression levels
were normalized to S18 levels. Relative gene expression is shown as the ratio
compared with the control expression level. DIO, diet-induced obesity;
**P<0.01 versus control. (a—e) Data are represented as the means +s.e.m. of
three independent experiments (n=3).

mice (Figure 1e). In addition, the BMP-3b mRNA levels were
significantly increased in the SVF from the mesenteric
adipose tissue of DIO mice (Supplementary Figure 2). These
results suggest that BMP-3b is involved in adipocyte
differentiation.

Because our results suggested that BMP-3b is expressed in
preadipocytes, we next examined BMP-3b expression during
preadipocyte differentiation using a preadipocyte cell line
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Figure 2 Expression of BMP-3b and other BMPs in 3T3-L1 cells. (a, )
RT-PCR analysis of BMP-3b, other BMPs and adipogenic markers during the
differentiation of 3T3-L1 cells. The products were separated on 2% agarose
gels and visualized with ethidium bromide. The positive control (P) is RNA
from calvariae for BMP-3b, BMP-3 and BMP-2; lung for BMP-4 and BMP-6;
and brain for BMP-7. N, negative control (H,0). (b) Quantitative RT-PCR
analysis of BMP-3b in 3T3-L1 cells. The data are presented as the means
+s.e.m. of three independent experiments (n=3). a.u., expression levels
normalized to 18S levels. *P<0.05 versus preadipocytes. pre, preadipocytes
(day 0); adipo, mature adipocytes (day 8).

(3T3-L1). BMP-3b was expressed in both preadipocytes
(day 0) and mature adipocytes (day 8), and was expressed
at higher levels in preadipocytes than in mature adipocytes
(Figures 2a and b, and Supplementary Figure 3), consistent
with the SVF culture results (Figures 1c and d). By contrast,
BMP-2, BMP-3 and BMP-7 were not expressed in 3T3-L1
preadipocytes (day O) or mature adipocytes (day 8), and
BMP-4 and BMP-6 were weakly expressed only in
preadipocytes (day 0) (Figure 2a). The expression of adipo-
genic markers, adipocyte fatty acid-binding protein (aP2),
peroxisome proliferator-activated receptor-y (PPARy) and
adiponectin, was induced upon 3T3-L1 cell differentiation
(Figure 2c), as was reported previously.?®

BMP-3b inhibits the adipocyte differentiation of 3T3-L1 cells

To examine whether BMP-3b is involved in adipocyte
differentiation, we first investigated the effects of siRNA-
mediated knockdown of BMP-3b on the adipogenesis of 3T3-L1
cells because BMP-3b is highly expressed in adipocytes. The
levels of endogenous BMP-3b mRNA were significantly
decreased to 10% in BMP-3b siRNA-treated 3T3-L1 cells as
compared with that in control siRNA-treated cells at day O,



and these inhibitory effects decreased by day 8 (Figure 3a).
The BMP-3b siRNA enhanced the expression of several
adipogenic marker genes (adiponectin, aP2 and PPARy)
as compared with the control at day 8 (Figure 3a),
suggesting that endogenous BMP-3b inhibits adipocyte
differentiation. Conversely, we overexpressed the BMP-3b
gene in 3T3-L1 cells by transfection and examined the
induction of adipocyte marker genes. In transfected 3T3-L1
cells, BMP-3b was overexpressed at day O but subsequently
declined by day 8 (Figure 3b). BMP-3b overexpression
suppressed the expression of adipogenic markers at day 8
(Figure 3b).

Next, to examine the effects of the secreted BMP-3b
protein on adipocyte differentiation, we used CM from
stably transfected BMP-3b CHO cells (CHO/BMP-3b).¢ CHO/
BMP-3b was used to prepare recombinant BMP-3b protein, as
reported previously.® We confirmed that the same-size BMP-
3b protein was processed and secreted from both CHO and
3T3-L1 cells, as shown in Figures 5 and 6. We used three
different CM preparations in this study. CM1 contained 10%
FBS, whereas CM2 contained no FBS. Because CM1 con-
tained higher levels of secreted BMP-3b than CM2, CM2 was
concentrated 10-fold to obtain CM3, which had increased
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Figure 3 Effects of BMP-3b knockdown and overexpression on adipogenesis.
(a) Effects of siRNA-mediated BMP-3b knockdown on BMP-3b expression on
day 0 and day 8, and quantitative RT-PCR analysis of adipogenic markers on
day 8. Relative gene expression is shown as the ratio compared with the
control. si, siRNA. (b) Effects of overexpressing the BMP-3b gene. Quantitative
RT-PCR analysis of BMP-3b on day 0 and day 8, and analysis of adipogenic
markers on day 8. The expression levels were normalized to S18 levels.
Relative gene expression is shown as the ratio compared with the control
expression level. The data are expressed using a logarithm scale for BMP-3b.
Mock, plasmid vector control. The data are presented as the means +s.e.m.
(n=3). **P<0.01 versus control or mock. Experiments were performed three
times with independent cultures.
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levels of BMP-3b (Figure 4a). Each CM was added to the
culture medium of 3T3-L1 cells (10%, vol./vol.) 2 days before
induction and then every other day during adipogenesis.
CHO/BMP-3b CM suppressed adiponectin expression at day
8 (Figure 4b), which was consistent with the BMP-3b
knockdown and overexpression studies in 3T3-L1 cells
(Figure 3). This inhibitory effect depended on the amount
of BMP-3b protein in the CM. During differentiation, the
expression of adipocyte markers (adiponectin, aP2, PPARy
and CCAAT-enhancer-binding protein-o (C/EBPa)) was sup-
pressed by CM1 treatment as early as day 2 and was
maintained up to day 8 (Figure 4c). We also examined the
effects of CHO/BMP-3b CM on adipogenesis in a primary
culture of SVF cells (Supplementary Figure 4). Similarly to
3T3-L1 cells, CM1 inhibited the expression of adiponectin,
PPARy and C/EBPa at day 8, indicating that BMP-3b
suppressed the adipogenesis of SVF cells in primary culture.
However, aP2 expression was not changed, which may be
because of the fact that aP2 is reported to be less sensitive
than PPARy and C/EBPu as an adipogenic marker.?%?”

To confirm that the effects of CHO/BMP-3b CM on 3T3-L1
cells were because of the BMP-3b protein, we examined the
effects of CM that had been pre-treated using an anti-BMP-3b
antibody (3bpro) IgG immunoaffinity gel. This antibody
recognizes the BMP-3b protein, as shown in Figures 5 and 6.
The quantity of the BMP-3b protein in the antibody-treated
CM1 preparation decreased (Figure 4d), and Oil Red O
staining indicated that the inhibitory effects of CM1 were
virtually abolished after this treatment (Figure 4e). We also
performed quantitative RT-PCR to examine the expression of
various adipogenic markers (Figure 4f). aP2 expression was
completely restored, but adiponectin and PPARy expression
was not completely restored, which is likely because of low
levels of the BMP-3b protein in CM1 after immunodepletion
(Figure 4d). These data indicate that the inhibitory effects of
CM1 on the differentiation of 3T3-L1 cells are because of the
BMP-3b protein.

3T3-L1 cells express a unique molecular form of BMP-3b

We showed that both exogenous addition of CHO/BMP-3b
CM and BMP-3b overexpression in 3T3-L1 cells inhibited
adipogenesis, suggesting that the biologically active BMP-3b
protein was secreted from 3T3-L1 cells overexpressing
BMP-3b. In order to understand the function of BMPs, it is
necessary to analyze the secreted and molecular forms of
these proteins.?®-2 Thus, we analyzed the molecular form of
BMP-3b that is secreted from 3T3-L1 cells overexpressing
BMP-3b.

The cleaved mature region of BMP-3b (13 and 16 kDa) was
detected in CM from both preadipocytes and adipocytes,
indicating that the BMP-3b protein is processed and secreted
by 3T3-L1 cells, which was similar to the findings with CHO
cells (Figure 5a).

To perform a detailed characterization of the molecular
form of BMP-3b, we generated an antibody specific for the
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Figure 4 Effects of CM from cells stably overexpressing BMP-3b on adipogenesis. (a) CM from BMP-3b-overexpressing or wild-type CHO cells (control) was
subjected to western blot analysis with an anti-BMP-3b antibody. The arrow indicates the BMP-3b protein. CM aliquots (10 pul) were subjected to western blot
analysis. CM1, medium with 10% FBS; CM2, medium without FBS; CM3, 10-fold concentrated CM2. (b) Quantitative RT-PCR analysis of adiponectin on day 8 after
3T3-L1 cells were treated with each CM described in panel a. The expression levels were normalized to S18 levels. Relative gene expression is shown as the ratio
compared with the control. (c) Quantitative RT-PCR analysis of adipogenic markers during adipocyte differentiation of 3T3-L1 cells that were treated with CM1. The
expression levels were normalized to S18 levels. Relative gene expression is shown as the ratio compared with the expression levels of the control at day 0. (d) CM1
from panel a was subjected to a 3bpro antibody IgG immunoaffinity gel column, and the pass-through fraction was analyzed by western blotting with an anti-BMP-
3b antibody. The arrow indicates the BMP-3b protein. CM aliquots (10 pl) were subjected to western blot analysis. —, CM1 before 3bpro antibody 1gG
immunoaffinity gel column treatment; +, the CM1 pass-through fraction of the column. (e) Oil Red O staining of differentiated 3T3-L1 cells that were incubated
with CM from panel d for 8 days. (f) Quantitative RT-PCR analysis of adipogenic markers using the cells described in panel e. The expression levels were normalized
to S18 levels. The relative gene expression is shown as the ratio compared with the control. (b, ¢, f) Data are represented as the means +s.e.m. (n=3). *P<0.05
versus control. **P<0.01 versus control; *P<0.01 versus BMP-3b CM1 or CM3. Experiments were performed three times with independent cultures.

pro-region of rat BMP-3b (3bpro) (Figure Sb). This antibody predicted a 15-kDa pro-region band was also detected (Figure Sc,

recognized the 60-kDa BMP-3b precursor and a broad 40-kDa lanes 2 and 4), but this band was detected at lower levels than
pro-region in CHO CM that was purified using Heparin— the 40-kDa pro-region band, suggesting that this band is likely
Sepharose (Figure Sc, lane-2). The broad 40-kDa pro-region not a specifically processed component. Next, we used 3bpro in
includes at least two pro-regions because two fragments, immunoblot analyses of the BMP-3b precursor in CHO CM that
including the mature region (13 and 30kDa), were cleaved was immunoprecipitated with an antibody specific for the
from the BMP-3b precursor protein in the CHO CM (Figure Sa, mature region (anti-Flag). The 60-kDa BMP-3b precursor protein
lane-6). Similarly, in 3T3-L1 cells, two pro-region bands of was immunoprecipitated with this antibody, but unexpectedly,
approximately 40kDa were detected (Figure 5c, lane-4). A the 40-kDa pro-region co-immunoprecipitated with the
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Figure 5 The molecular form of BMP-3b that is secreted from 3T3-L1 cells. (a) Conditioned media from 3T3-L1 and CHO cells that were transiently transfected
with a Flag-tagged BMP-3b expression plasmid were immunoprecipitated with an anti-Flag antibody and then subjected to western blot analysis with an anti-Flag
antibody. IP, immunoprecipitation antibody; 1B, immunoblotting antibody; mature, antibody specific to the mature region. The deduced structures and molecular
weights (kDa) are shown. The precursor form consists of the pro- (open box) and the mature (closed box) regions. Mock, vector control; pre, preadipocytes; adipo,
mature adipocytes. The asterisk indicates a non-specific band. Note that the anti-Flag antibody recognizes the mature region. (b) Diagram representing the BMP-3b
precursor. The site (@ ® ®) used for antibody (3bpro) production is shown. The potential proteolytic processing sites are indicated by triangles. (c¢) CM from CHO
and 3T3-L1 cells that were transfected with a BMP-3b plasmid was purified with Heparin-Sepharose and then subjected to western blot analysis with the 3bpro
antibody. pro, antibody for the pro-region. (a, c) Samples were electrophoresed under reducing conditions and the results are representative of at least three
independent experiments. The positions of the molecular mass markers are shown on the left (a) or in the middle (c) of the panels.

precursor and mature region proteins (Figure 6a, lane-2). This
indicates that the BMP-3b pro-region forms a non-covalent
complex with the mature and/or the precursor protein. Because
this molecular complex is atypical for BMPs, we investigated
whether BMP-3b was secreted from 3T3-L1 cells as a complex of
the pro- and mature regions. 3T3-L1 (preadipocytes and
adipocytes) CM was immunoprecipitated with an antibody
specific for the mature region (anti-Flag) and then immuno-
blotted with 3bpro. Similar to the results obtained with CHO
cells, the 40-kDa BMP-3b pro-region was detected (Figure 6a,
lanes 2, 4 and 6), indicating that BMP-3b is secreted from 3T3-
L1 cells (preadipocytes and adipocytes) as a complex of the
mature region and the pro-region. The components of this
BMP-3b complex were confirmed by immunoprecipitation with
3bpro (Figure 6b, lanes 2 and 4), and the bands that were
detected with this antibody were the same size as the bands
detected using the anti-Flag antibody (Figure Sa, lane-2 and
Figure 6a, lane-4).

To determine whether the pro-region of BMP-3b can
dimerize, we analyzed the same samples under non-reducing

conditions (Supplementary Figure 5). A 40-kDa pro-region
band and three bands of approximately 25kDa correspond-
ing to the mature region were detected, indicating that the
pro-region and the mature region are secreted from 3T3-L1
cells as a monomer and dimers, respectively. Moreover, this
BMP-3b non-covalent complex was verified by a chemical
cross-linking method (data not shown).

To examine the endogenous BMP-3b complex, we ana-
lyzed the CM of untransfected 3T3-L1 cells. We used 20-fold
larger amounts of CM for this analysis because we did not
detect the complex when using the quantity of CM that is
typically used in this study (for example, Figure 6b). As
shown in Figure 6c, the mature region (13 and 16kDa)
immunoprecipitated with the pro-region antibody, indicat-
ing that endogenous BMP-3b was secreted from 3T3-L1 cells
as a complex.

These data indicate that the secreted molecular
form of BMP-3b is a unique non-covalent complex of the
pro-region monomer and the mature region dimer
(Figure 6d).
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Figure 6 BMP-3b is secreted from 3T3-L1 cells as a non-covalent complex. (a) Conditioned media from CHO and 3T3-L1 cells that were transiently transfected
with a Flag-tagged BMP-3b expression plasmid were immunoprecipitated with an anti-Flag antibody and then subjected to western blot analysis with the 3bpro
antibody. IP, immunoprecipitation antibody; 1B, immunoblotting antibody; mature, antibody specific for the mature region; pro, antibody specific for the pro-
region. The deduced structures and molecular weights (kDa) are shown. The precursor form consists of the pro- (open box) and the mature (closed box) regions.
Mock, vector control; pre, preadipocytes; adipo, mature adipocytes. The asterisk indicates a non-specific band. The samples were electrophoresed under reducing
conditions. Note that the anti-Flag antibody recognizes the mature region. (b) CM from 3T3-L1 cells that were transfected with a BMP-3b expression plasmid was
immunoprecipitated with a 3bpro antibody and then subjected to western blot analysis with a 3bpro antibody or an anti-BMP-3b mature antibody. (c) CM from
3T3-L1 cells was immunoprecipitated with a 3bpro antibody and then subjected to western blot analysis with an anti-BMP-3b mature antibody. (d) The biosynthetic
pathway of BMP-3b in 3T3-L1 cells. The representative molecular forms and potential proteolytic processing sites (triangle) are illustrated schematically. The data are

representative of at least three independent experiments.

Discussion

To date, the functions of BMP-3b have only been studied in
osteoblasts, developing embryos and lung cancer, despite the
fact that BMP-3b is expressed in variety of organs, including
adipose tissue. In this report, we showed that BMP-3b is
expressed in adipocytes and inhibits adipogenesis as a
unique complex.

We found that BMP-3b is expressed at higher levels in pre-
adipocytes than in mature adipocytes, both in mouse
adipose tissue, and in 3T3-L1 cells (Figures 1 and 2). We also
showed that the BMP-3b transcript was the most abundant
BMP, suggesting that BMP-3b is a major factor among the
BMP family members in these cells. Additionally, the BMP-3b
expression level was increased in mesenteric adipose tissue
from DIO mice, suggesting that BMP-3b may be involved in
adipogenesis.

Our functional analyses showed that siRNA-mediated
knockdown of endogenous BMP-3b expression in 3T3-L1
cells enhances adipogenesis and that addition of exogenous
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BMP-3b protein and forced BMP-3b expression inhibit
adipocyte differentiation (Figures 3 and 4). These results
suggest that endogenous BMP-3b inhibits adipogenesis in
these cells in an autocrine manner. Given that BMP-3b
expression was decreased in mature adipocytes as compared
with that in preadipocytes, these results suggest that this
decrease in BMP-3b expression may be required for adipo-
genesis. We also showed that BMP-3b treatment suppressed
the expression of PPARy and C/EBPy, which are master
transcriptional regulators of the entire terminal differentia-
tion process,” indicating that BMP-3b inhibited adipocyte
differentiation by affecting this transcriptional cascade. In
addition, we determined that DIO increased BMP-3b expres-
sion in the mesenteric adipose tissue of mice, suggesting that
BMP-3b might function by a feedback mechanism to inhibit
adipogenesis in abdominal obesity.

The inhibitory effects of BMP-3b on adipogenesis contrast
with the stimulatory activity of other BMPs, such as BMP-2
and BMP-7, suggesting that BMP-3b may interfere with other
BMPs during adipocyte differentiation by mechanisms that



are similar to those that were reported previously to occur
during embryogenesis and osteogenesis.”'* We also showed
that the mature regions of BMP-3b and BMP-3 have similar
activities in embryogenesis and osteogenesis, as expected
from their sequence similarity in that region.®!* Although
some studies have examined the mechanisms of action of
BMP-3,%14 153334 there are inconsistencies in these data and
the BMP-3 signaling pathway is still unclear. These studies
show that BMP-3 binds to ActR-IIB'*'53% and activates TGF-
B-like signaling through this receptor (ALK4/ActR-IIB) in
mammalian cells.'* Moreover, we showed that BMP recep-
tors (for example, ALK4 and ActR-IIB) are expressed in
3T3-L1 cells and in the SVF (Supplementary Figure 6), as
reported previously.'””'® In our preliminary studies, we
found that CHO/BMP-3b CM activates Smad2, which is
involved in the TGF-B/activin pathway, in 3T3-L1 cells (data
not shown). Therefore, BMP-3b, like BMP-3, might bind to
ALK4/ActR-IIB and activate the TGF-p/activin pathway.
However, the precise mechanisms by which BMP-3b reg-
ulates adipogenesis remain to be elucidated, and future
studies should therefore examine the BMP-3b signal trans-
duction pathway during adipogenesis.

In this study, we showed that BMP-3b is produced in
adipocytes and that its precursor is processed to generate the
pro-region and mature region. The pro-region and mature
region are assembled to form a biologically active BMP-3b non-
covalent complex, which is secreted from cells and is involved
in adipocyte differentiation (Figure 6d). The secretion process
and the secreted molecular forms of other BMPs from
adipocytes have not been analyzed, although BMP-2 and
BMP-7 are known to function in adipogenesis.'®2? Therefore,
to our knowledge, BMP-3Db is the first BMP family member that
has been shown to be secreted from adipocytes as a non-
covalent complex. Moreover, we determined that the BMP-3b
non-covalent complex is also present in the fat tissues of BMP-
3b transgenic mice (data not shown), suggesting that this
complex is a basic structure required for the function of BMP-
3b in vivo. Future studies will need to examine recombinant
BMP-3b complexes in order to clarify the precise molecular
mechanisms that underlie their function.

In conclusion, our results show that BMP-3b is expressed
in adipocytes, regulates adipocyte differentiation in an
autocrine manner and is secreted by adipocytes as a unique
non-covalent complex. Our data provide new insight into
the mechanisms of adipogenesis as well as the causes of
obesity. Because this study was performed predominantly
in vitro, we are currently investigating the physiological and
pathophysiological significance of BMP-3b in adipose tissues
in vivo using an animal model of obesity and BMP-3b-null or
transgenic mice.
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