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Recent studies have shown that OPN (osteopontin) plays critical roles in cell survival, differentiation,
bio-mineralization, cancer and cardiovascular remodeling. However, its roles in the differentiation of
brown adipocytes and the underlying mechanisms remain unclear. Therefore, the aim of this study was
to investigate the roles of OPN in the brown adipogenesis and the underlying mechanisms. It was shown
that the OPN successfully induced the differentiation of 3T3-L1 white preadipocytes into the PRDM16™
(PRD1-BF1-RIZ1 homologous domain containing 16) and UCP-1* (uncoupling protein-1) brown adipo-
cytes in a concentration and time-dependent manner. Also, activation of PI3K (phosphatidylinositol
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A die;(l)g; te 3-kinase)-AKT pathway was required for the OPN-induced brown adipogenesis. The findings suggest
PRDM16 OPN plays an important role in promoting the differentiation of the brown adipocytes and might provide

a potential novel therapeutic approach for the treatment of obesity and related disorders.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Adipose tissue plays an important role in metabolic homeosta-
sis, and consequently, change in its functions may lead to metabolic
disorders, most notably type 2 diabetes mellitus (T2D), athero-
sclerosis (AS), hypertension, and cancers [1—3]. White adipocyte
(WA) (predominantly existing in white adipose tissue) and brown
adipocyte (BA) (predominantly in brown adipose tissue) differ in
many aspects such as origin, distribution, morphology and
functions [4,5]. The WA stores triglyceride (TG) and contributes to
obesity, while the BA ‘burns’ fat through fatty acid-B-oxidation and
contributes to weight loss [6,7]. Therefore, investigating the
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secreted phosphoprotein-1; sOPN, secreted OPN; T2D, type 2 diabetes mellitus; TG,
triglyceride; WA, white adipocyte.
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mechanisms underlying BA differentiation and brown adipogenesis
would provide a novel strategy or avenue for prevention and
treatment of obesity and related disorders.

Although WA and BA originate from the same mysenchymal
stem cells, they differ in morphology and molecular phenotype
[8,9]. Morphologically, mature BA is a multilocular cell abundant in
lipid and mitochondrium, while mature WA is a unilocular cell
deficient in the mitochondrium [10]. PRDM16 (PRD1-BF1-RIZ1
homologous domain containing 16) is recently identified as an
early determinator of the brown adipogenesis, and UCP-1 (uncou-
pling protein-1) is generally considered as a BA specific protein
marker [11,12]. Consequently, the BA is characterized as a
PRDM167/UCP-1* adipocyte, and the WA as an angiotensin™/
resistin® cell. Therefore, these markers are commonly used to
identify BA or WA [13,14]. Numerous studies have demonstrated
that both cold exposure and lasting excitation of sympathetic
nerves robustly promote brown adipose conversion from white
preadipocytes, and this adaptive brown adipogenesis is beneficial
to defend colds and bad states [15—17]. Given above, promotion of
BA differentiation can be possibly used to fight against obesity.
Unfortunately, transcriptional regulation mechanisms underlying
the BA differentiation remain largely unclear.
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OPN (Osteopontin), known as SPP-1 (secreted phosphoprotein-
1), are extensively expressed in diverse cells such as osteoblasts,
endothelial cells, macrophages, T cells, hepatic stellate cells, and
smooth muscle cells [18]. Recent studies have shown that OPN is
implicated in many critical pathophysiological processes including
bio-mineralization, differentiation, carcinogenesis and cardiovas-
cular remodeling, etc [19,20]. However, its roles and the mecha-
nisms underlying the differentiation of BA remain -elusive.
Therefore, the aim was to investigate the roles of OPN in brown
adipogenesis and to explore the mechanisms underlying the
differentiation.

2. Materials and methods
2.1. Materials

All chemicals were acquired commercially. High-glucose
Dulbecco's modified Earle's medium (H-DMEM) was purchased
from Gibco-BRL (NY, USA). Antibodies against OPN, PRDM16, UCP-1,
AKT and B-actin (Santa Cruz Biotechnology, CA, USA), Phospho-AKT
(serine473), and avB3 integrin (Cell Signaling Technology, MA, USA)
were freshly prepared. OPN ELISA kit, Kpnl and Xba were acquired
from R&D Systems (MN, USA) and New England Biolabs (London,
UK), respectively. Total RNA was isolated with QIAzol lysis reagent
(Qiagen, Valencia, CA, USA). AKT inhibitor IV and LY294002 (Sig-
ma—Aldrich, St. Louis, MO, USA) were dissolved in DMSO. All other
chemicals were purchased from Sigma—Aldrich (St. Louis, MO, USA)
unless otherwise specified.

2.2. DNA constructs and cell transfection

Flag-tagged OPN was amplified by PCR using full length OPN
as a template, and sub-cloned into the pCMV5 vector as our
previously described [21]. The sequences used here are as fol-
lows: sense (5'-GGGGTACCTATGAGATTGGCAGTGAT-3’) and anti-
sense (5'-GCTCTAGACGCCTCTTCTTTAGTTGAC-3’). In addition, cell
transfection was conducted following the manufacturer's in-
structions (Invitrogen). Briefly, 3T3-L1 cells were plated in the 6-
well plate at 2—8 x 10° cells/well and were allowed to grow to
95% confluence. The cells were washed twice with the serum-
free DMEM and transfected with 2 pg, 4 pg, 6 ng pCMV5-flag-
OPN vector, respectively, and 4 ug pCMV5-flag empty vector was
used as a control by Lipofectamine 2000 (Invitrogen). The cells
were cultured at 37 °C in the 95% 0,—5% CO, humidified atmo-
sphere. Six hours after transfection, the serum-free DMEM was
replaced by the complete DMEM containing 10% FBS. Forty-eight
hours after transfection, the cells were harvested and detected by
Western blots.

2.3. Cell culture and differentiation

The 3T3-L1 white preadipocytes were obtained from the
American Type Culture Collection (ATCC, USA). The 3T3-L1 cells
were cultured as our previously described [22]. The method used
for In vitro differentiation was adopted from the report by Tseng
et al, 2008 [23]. Briefly, the 60% confluent 3T3-L1 white pre-
adipocytes were incubated in the serum-free DMEM/F12 medium
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Fig. 1. Concentration-effect of OPN-induced brown adipogenesis. The expression of iOPN (A), UCP-1 (C), PRDM16 (D), and morphologic elements (oil-red O staining, E and F) of the
transfected 3T3-L1 white preadipocytes with 2 pg, 4 ng, 6 pg pCMV5-flag-OPN vector, or 4 pug pCMV5-flag empty vector (Vehicle), and untransfected (Ctrl) 3T3-L1 white
preadipocytes following differentiation for 6 days are shown. The sOPN (B) was measured from the supernatant following differentiation. Data are expressed as mean + S.E.M. of 4
independent experiments. *P < 0.05, **P < 0.01, vs. Ctrl or Vehicle. Scale bars, 200 um iOPN, intracellular OPN; sOPN, secreted OPN.
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supplemented with the differentiation cocktail which contains
1 uM dexamethasone, 66 nM insulin, 15 mM HEPES, 1 nM T3, 33 uM
biotin, 17 pM pantothenate, 10 pg/ml transferrin and 100 pg/ml
penicillin-streptomycin in the absence or presence of 1 pg/ml
rosiglitazone for 8 days. During the differentiation period, the
medium was replaced with fresh one every 2 days.

2.4. Experimental protocols

2.4.1. Concentration-effect of OPN-induced brown adipogenesis

The 90% confluent 3T3-L1 white preadipocytes were transfected
either with 2 ug, 4 ug, 6 ug pCMV5-flag-OPN vector or 4 ug pCMV5-
flag empty vector (Vehicle), respectively. The untransfected 3T3-L1
cells were used as a control (Ctrl). Forty-eight hours after trans-
fection, the transfection medium was substituted by the differen-
tiation medium, and the cells were allowed to undergo
differentiation for 6 days. At the end of differentiation, the cells
were examined phenotypically and morphologically and an
optimal OPN concentration for inducing differentiation was deter-
mined for further studies.

2.4.2. Time course of OPN-induced brown adipogenesis

The 90% confluent 3T3-L1 white preadipocytes were transfected
with 6 pg pCMV5-flag-OPN vector. Forty-eight hours after trans-
fection, the cells were allowed to undergo differentiation for 0, 2, 4,
6 and 8 days, respectively. The differentiated cells were examined
phenotypically and morphologically and an optimal time for
inducing differentiation by OPN was determined for further
studies.
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2.4.3. Effect of inhibition of av(33-PI3K-AKT pathway on the OPN-
induced brown adipogenesis

The 90% confluent 3T3-L1 white preadipocytes were first
transfected with 6 ng pCMV5-flag-OPN vector or 6 ng pCMV5-flag
empty vector (as a control). Next, forty-eight hours after trans-
fection, the 3T3-L1 cells were pretreated with 10 puM LY294002
(PI3K inhibitor, final concentration), 0.5 pM AKT IV(AKT inhibitor),
and 5 pg/ml anti-avf3 integrin for 48 h, respectively. DMSO or 5 ug/
ml IgG was used here as a vehicle, and negative control, respec-
tively. Subsequently, the pretreated cells were allowed to undergo
differentiation for 6 days. At the end, the cells were harvested and
used for phenotypic and morphological examination.

2.5. Oil-red O staining

The differentiated 3T3-L1 cells were stained with oil-red O as
previously described [24]. Briefly, the cells were washed twice with
phosphate-buffered saline (PBS), and then fixed with 10% para-
formaldehyde at room temperature for 10 min, then the fix solution
was removed and the cells were again washed twice with the PBS.
Fresh oil-red O solution (0.5% oil-red O in isopropyl alcohol) was
added and incubated at room temperature for 1 h. Next, the
staining solution was removed and the cells were washed with the
PBS for 3 times. Finally, the stained cells were microscopically
examined.

2.6. Western blot assay

Western blot assay was performed by a modification of tradi-
tional technique as our previously described [25]. Briefly, the

Fig. 2. Time course of OPN-induced brown adipogenesis. The expression of UCP-1 (A), PRDM16 (B), and morphologic elements (oil-red O staining, C and D) of the transfected 90%
confluent 3T3-L1 white preadipocytes with 6 pg pCMV5-flag-OPN vector following differentiation for 0, 2, 4, 6 and 8 days are shown. Data are expressed as mean + S.E.M. of 4
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 vs. day 0. Scale bars, 200 pm.
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differentiated cells were harvested and lysed in the lysis buffer
(25 mM Tris—HCI, pH 7.8, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA,
1 mM Na3VOy, and 25 mM glycerol phosphate, 1 mM dithiothreitol,
1% Nonidet P-40 (w/v), 10 pg/ml leupeptin and 10 pg/ml aprotinin).
The lysates were centrifuged at 12,000 x g at 4 °C for 15 min, and
the protein concentration was determined using Bio-Rad Protein
Assay kit (Bio-Rad Laboratories, CA, USA). Fifty micrograms of total
proteins were separated by 8% SDS-PAGE. Bands on the gels were
blotted onto polyvinylidene fluoride membranes (Bio-Rad Labora-
tories, CA, USA) and then the membranes were incubated with
antibodies against various proteins at a 1:1000 dilution. A horse-
radish peroxidase-conjugate anti-rabbit antibody (Amersham
Pharmacia Biotech) was used as a secondary antibody at a 1:2000
dilution. Immunoreactive bands were visualized by the enhanced
chemiluminescence (ECL) detection system (Perkin Elmer Life Sci-
ence Inc., MA, USA).

2.7. Quantitative assay of SOPN by ELISA

The levels of sOPN (secreted OPN) were checked using the
Quantikine ELISA Kits following the manufacturer's instruction
(R&D Systems, MN, USA). Fifty microliters of cell supernatants were
added to a 96-well polystyrene microplate precoated with OPN
monoclonal antibody and incubated for 2 h at room temperature on
the shaker. After gentle washes with PBS 5 times, 100 pl secondary
antibody conjugated to horseradish peroxidase was added and

incubated for 2 h at room temperature, followed by an addition of
100 pl substrate solution and incubation for 30 min at room tem-
perature. Ultimately, 100 pl stop solution was added and the optical
density (OD) was determined at 450 nm in a microplate reader
(Bio-Rad Laboratories, CA, USA).

2.8. Statistical analysis

All data were expressed as the means + S.E.M. Significance was
tested with unpaired t test, one-way ANOVA and homogeneity test
of variance. A P value <0.05 was considered to be statistically
significant.

3. Results and discussion

BA is specialized to dissipate chemical energy in the form of
heat, as a physiological defense against cold and obesity [6,7].
Understanding the mechanisms underlying the brown adipo-
genesis would help to develop the drugs that promote BA conver-
sion from white preadipocytes and may lead to new avenues for
prevention and treatment of metabolic diseases such as obesity and
T2D. A large number of scientists worldwide have been making
many beneficial attempts at this field [26—28]. Unfortunately,
knowledge in this field is relatively lacking, and especially the
mechanisms underlying BA conversion from white preadipocytes
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still remains enigmatic. This necessitates the investigation of brown
adipogenesis and the underlying molecular mechanisms.

OPN is a secreted glycoprotein that functions as a ligand to av33
integrin and possibly other receptors. It is expressed in a wide range
of cells and tissues including osteoblasts, odontoblasts, various
tumor cell lines, extraosseous cells in the inner ear, as well as brain,
kidney, and placenta [29,30]. Recent studies have shown that OPN
plays critical roles not only in cell survival, adhesion, migration,
differentiation and bio-mineralization as well as cancer and
cardiovascular remodeling [31]. However, its roles in differentiation
of brown adipocytes and the underlying mechanisms remain un-
clear. Therefore, the role of the OPN in brown adipogenesis was
explored. Hence, an engineered vector carrying different amount
(2,4, or 6 pg) of Opn cDNA (Opn-containing vector) was transfected
to an immortalized 3T3-L1 white preadipocytes deficient in OPN to
examine its effect on brown adipogenesis. As expected, 2 days after
transfection, both iOPN (intracellular OPN) and sOPN (secreted
OPN) levels in the transfected vector with Opn cDNA were strik-
ingly higher than those in the control (Ctrl) or empty vector
(Vehicle), indicating that the vector transduction was successful
(Fig. 1A, B). The results of further BA differentiation experiments
also showed that the levels of the BA-specific phenotypic markers
such as UCP-1 and PRDM16 were remarkably elevated after the
differentiation for 6 days with the increase in transfection amount
of the Opn-containing vector, and the increased levels in the 6 ug
Opn-containing vector group were the most significant (Fig. 1C, D).

557

Thus, 6 pug Opn-containing vectors were regarded as the optimal
transfection concentration and were therefore used in subsequent
experiments. Similarly, the morphological results from oil-red O
staining also vividly displayed that with the increase of transfected-
OPN cxoncentration, the cell appearance changed from unilocular
and less lipid-accumulating to a multilocular and richer lipid-
containing (Fig. 1E, F). Together, these data indicated that the
OPN-driven BA adipogenesis was concentration-dependent.

Next, we investigated time course of the OPN-induced BA con-
version from 3T3-L1 cells. As shown in Fig. 2, the levels of the BA-
specific markers gradually increased with the elongation of the
OPN-induction time, peaked at day 6 and then declined at day 8 of
induction (Fig. 2A, B). Similarly, the number of BA also gradually
increased and peaked at day 6 of induction (Fig. 2C, D). Therefore, 6
days was chosen as the induction time for the subsequent
experiments.

Next, the molecular mechanisms for OPN-driven BA adipo-
genesis from white preadipocytes were investigated. Previous
studies have indicated that PI3K-AKT signaling is involved in cell
proliferation, differentiation and apoptosis [32,33]. AKT is a kinase
and phosphorylation of AKT at serine 473 is critical for the activa-
tion of AKT. Whether the OPN-induced brown adipogenesis is also
mediated by phosphorylation of AKT at serine 473 was tested. AKT
IV (a specific AKT inhibitor) was used to inhibit the phosphorylation
of the kinase. As shown in Fig. 3, OPN-induction regimen (6 ug and
6 days) increased the levels of iOPN considerably (Fig. 3A).
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Simultaneously, it dramatically elevated the expression of the BA-
specific makers (Fig. 3B, C). Moreover, it also significantly boosted
the phosphorylation of AKT (Fig. 3D).

Another question is whether the relationship between the
expression induction of the markers and the phosphorylation of
AKT elicited by OPNA was accompanying or causal. To address this
question, AKT 1V, an inhibitor of AKT, was used to suppress the
phosphorylation of AKT. Indeed, treatment with AKT IV markedly
reduced the phosphorylation of AKT compared with the vehicle
(DMSO) treated cells (Fig. 3D). Moreover, AKT IV notably counter-
acted the OPN-mediated effect on the expression of PRDM16 and
UCP-1, suggesting that the phosphorylation of AKT is indispensible
for the OPN-induced expression of BA specific markers in 3T3-L1
white preadipocytes (Fig. 3B, C). Similarly, oil-red O staining
showed that OPN markedly induced lipid accumulation and AKT IV
reversed the effects of OPN (Fig. 3E, F). Taken together, these data
uniformly demonstrated that the phosphorylation of AKT was
required for the OPN-induced brown adipogenesis from white
preadipocytes.

As a critical intracellular messenger involved in cell differenti-
ation, AKT activity can be regulated by many bio-substances such as
PI3K (phosphatidylinositol 3-kinase). OPN binds to integrins or
CD44 through which it can signal to downstream targets including
PI3K [34]. It would be interesting to know whether PI3K is involved
in the OPN-induced brown adipogenesis and whether the effects of
PI3K are through the regulation of the activity of AKT. Treatment of
3T3-L1 cells for 2 days with 10 pM LY294002, a pharmacological
inhibitor of PI3K, dramatically counteracted the increase in the
phosphorylation of AKT induced by OPN compared with the DMSO-
treated cells, suggesting that PI3K indeed is an upstream kinase of
AKT. Moreover, treatment with LY294002 also offset the increase of
expression of specific markers on BA and lipid accumulation
induced by OPN, strongly suggesting that activation of PI3K is
necessary for the OPN-induced brown adipogenesis and is an up-
stream event for AKT phospharylation (Fig. 4A—D).

Cellular responses to OPN have been shown to be mediated by
its receptors [35] and OPN has been demonstrated to function as a
ligand to avf33 integrin and possible other receptors such as CD44,
etc. [36]. It is possible that OPN-induced brown adipogenesis is
mediated by a cascade of reactions involving avf3 integrin or other
receptors first and then PI3K-AKT pathway, which lead to expres-
sion of PRDM16 and UCP-1. To test the possible role of avp3 integrin
in the OPN-induced brown adipogenesis, the antibody anti-avf3
was used to neutralize avf3 integrin and unrelated immunoglob-
ulin G (IgG) was used as a control. The treatment of 3T3-L1 cells
with anti-avp3 did not appear to block the effects of OPN on 3T3-L1
cell differentiation, indicating that the neutralization of avf3
integrin did not alter the OPN-mediated expression of the BA
markers and lipid accumulation (Fig. 4 E—G). These data also sug-
gest that the role of OPN-induced brown adipogenesis is avf3
integrin-independent, implying other receptors such as o35, o6
or CD44 are likely to involve in the OPN-induced brown
adipogenesis. Further studies are needed to confirm this notion.

In summary, the present study for the first time showed that
OPN could induce brown adipogenesis from white preadipocytes in
a PI3K-AKT signaling-dependent and avf3 integrin-independent
fashion. The study might provide a potential novel therapeutic
approach for the treatment of obesity and related disorders with
OPN or its analogs, which could induce an increase in brown
adipocytes through adipogenesis and lead to increase in energy
expenditure.
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