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Introduction

Obesity is a worldwide challenge and is closely associated

with metabolic diseases, such as type II diabetes,

dyslipidemia, fatty liver and cardiovascular diseases [1, 2].

Obesity is caused by an energy imbalance between the

calories consumed and calories expended. Therefore, the

reduction of energy intake and/or the increase of energy

expenditure are prominent goals to counteract obesity. 

Adipose tissue is a major metabolic organ composed of

white adipose tissue (WAT) and brown adipose tissue

(BAT). The two tissues are both involved in energy balance.

WAT stores excess energy in the form of triglycerides

(TGs), whereas BAT oxidizes fuels and dissipates energy in

the form of heat by uncoupling mitochondrial respiration

from ATP production through the expression and activation

of the brown fat-specific uncoupling protein-1 (UCP-1) [2,

3-6]. Thus, BAT has a pivotal role in nonshivering

thermogenesis to protect against energy overload. In

addition, understanding the molecular mechanism of brown

adipocyte differentiation may provide new ways to treat

obesity and obesity-related metabolic diseases. However,

the regulation of brown adipogenesis remains poorly

understood until now.

Tyrosine phosphorylation is an important post-translational

modification that regulates signaling events in multiple

cells by opposing the activities of protein tyrosine kinases

(PTKs) and protein tyrosine phosphatases (PTPs). PTKs
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Brown adipocytes have an important role in the regulation of energy balance through

uncoupling protein-1 (UCP-1)-mediated nonshivering thermogenesis. Although brown

adipocytes have been highlighted as a new therapeutic target for the treatment of metabolic

diseases, such as obesity and type II diabetes in adult humans, the molecular mechanism

underlying brown adipogenesis is not fully understood. We recently found that protein

tyrosine phosphatase receptor type B (PTPRB) expression dramatically decreased during

brown adipogenic differentiation. In this study, we investigated the functional roles of PTPRB

and its regulatory mechanism during brown adipocyte differentiation. Ectopic expression of

PTPRB led to a reduced brown adipocyte differentiation by suppressing the tyrosine

phosphorylation of VEGFR2, whereas a catalytic inactive PTPRB mutant showed no effects on

differentiation and phosphorylation. Consistently, the expression of brown adipocyte-related

genes, such as UCP-1, PGC-1α, PRDM16, PPAR-γ, and CIDEA, were significantly inhibited by

PTPRB overexpression. Overall, these results suggest that PTPRB functions as a negative

regulator of brown adipocyte differentiation through its phosphatase activity-dependent

mechanism and may be used as a target protein for the regulation of obesity and type II

diabetes.
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catalyze tyrosine phosphorylation, and PTPs are responsible

for tyrosine dephosphorylation [1, 7-9]. In particular, PTPs

have a more active role in many key cellular processes

including differentiation. Previously, we revealed that

several PTPs have a pivotal role in the regulation of

adipocyte differentiation and osteogenic differentiation

[10-15]. Recently, we investigated the expression of all

PTPs during adipogenic differentiation of primary brown

preadipocytes. Among them, protein tyrosine phosphatase

receptor type B (PTPRB) expression was dramatically

decreased [16]. PTPRB is transmembrane receptor type

PTP, which is known as a vascular endothelial protein

tyrosine phosphatase (VE-PTP). PTPRB is well known to be

involved in the maintenance and remodeling of blood

vessels and in angiogenesis [17, 18], and it also dephos-

phorylates vascular endothelial growth factor receptor 2

(VEGFR2) [19]. Although vascular endothelial growth factor

(VEGF) is involved in brown adipocyte differentiation [20],

there are no direct reports on the relationship between

brown adipogenesis and PTPRB. In this study, we focused

on the functional roles of PTPRB during the differentiation

of immortalized preadipocytes derived from BAT. We

show that PTPRB inhibits brown adipocyte differentiation

through its phosphatase activity-dependent mechanism.

Materials and Methods

Cell Culture and Differentiation of Immortalized Brown

Preadipocytes

The immortalized brown preadipocyte cell line was kindly

provided by Dr. Shingo Kajimura (UCSF). Cells were grown in

Dulbecco’s modified Eagle’s medium (DMEM) containing 1%

antibiotic/antimycotic solution and 10% fetal bovine serum (FBS)

at 37°C in a humidified atmosphere with 5% CO2. The immortalized

brown preadipocytes were induced to differentiate into mature

brown adipocytes by a previously described protocol [21, 22].

Lipid droplets in differentiating or mature brown adipocytes were

stained using the Oil-Red-O method, as described previously [22].

Overexpression of PTPRB in Brown Preadipocytes

To establish that PTPRB was stably expressed, a retrovirus-

mediated infection system was used. The Flag-tagged PTPRB was

inserted into the multi-cloning site of the pRetroX-IRES-ZsGreen1

vector (Clontech). The catalytically inactive mutant of PTPRB, in

which Cys-1904 was replaced by Ser, was constructed by site-

directed mutagenesis using a QuikChange Mutagenesis Kit

(Stratagene) according to the manufacturer’s instructions. For

viral production, GP2-293 cell lines were transfected using

Lipofectamine 2000 (Life Technologies-Invitrogen). The details of the

transfection and transduction methods were described previously

[12, 23]. Infected cells were selected using a fluorescence-activated

cell sorting system (FACSAria cell sorter, BD Biosciences) and

further maintained in a growth medium.

Quantitative PCR

Total RNA was extracted from cultured cells using Trizol

according to the manufacturer’s instructions, and first-strand

cDNA was synthesized from total RNA using Reverse

Transcriptase M-MLV (Promega) according to the manufacturer's

instructions. The targeted fragment of cDNA for the brown

adipocyte-related genes was amplified by quantitative real-time

PCR using each primer [15]. The gene expression level was

normalized to that of the TBP and L32 genes in the same sample.

Immunoblot Analysis

Cells were washed three times with ice-cold PBS containing

1 mM sodium orthovanadate and harvested in RIPA lysis buffer

containing a protease-inhibitor and phosphatase-inhibitor cocktail

(Roche). Protein concentrations were measured with the Bradford

assay (Bio-Rad). SDS-PAGE and western blot analysis were

performed using a standard procedure [24, 25]. Antibodies against

VEGFR2 and phospho-VEGFR2 (Tyr1175) were obtained from

Cell Signaling. The anti-Flag was from Sigma, and the HSP90

antibody was purchased from Santa Cruz. The secondary antibodies

were obtained from Abcam, and the membranes were visualized

using an enhanced chemiluminescence system (Amersham).

CP547365, a pharmacological inhibitor of VEGFR2 tyrosine

phosphorylation, was acquired from Sigma. 

Mitochondrial Staining and Quantification of Mitochondrial

DNA

For quantification of mitochondrial DNA (mtDNA), total

genomic DNA was isolated using the Exgene Tissue SV DNA Mini

Kit (Geneall, Korea) from brown adipocytes. Then, the mtDNA

was amplified using primers for NADH dehydrogenase 1 (ND1)

and normalized to the genomic DNA by primers amplifying the

TATA box binding protein (TBP) from the genomic DNA as

previously described [22]. To confirm the mitochondrial amount

and distribution, cells were stained with MitoTracker using a

previously described method [22]. Stained cells were detected by

confocal microscopy, and fluorescence was measured at a

wavelength of 450–550 nm.

Results and Discussion 

The immortalized brown preadipocyte cell line was kindly

provided by Dr. Shingo Kajimura (UCSF, USA). Previously,

we have successfully induced the differentiation of

immortalized brown preadipocytes into mature brown

adipocytes [15, 26]. Consistently, the expression levels of

brown adipogenic markers, such as UCP-1, PGC-1α,

PRMD16 and PPAR-γ, were significantly increased during

brown adipocyte differentiation (data not shown). In
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contrast, PTPRB expression dramatically decreased during

the differentiation of the immortalized brown preadipocytes

(Fig. 1). Recently, Xue et al. [27] reported that the

expression of UCP-1 and PTPRB had a negative correlation

indicating that PTPRB may have a potentially negative role

during brown adipogenesis.

To identify the functional roles of PTPRB in brown

adipocyte differentiation, immortalized brown preadipocytes

were infected with FLAG-tagged PTPRB using a retrovirus

system (PTPRB IRES-GFP). Additionally, to determine the

importance of the phosphatase activity of PTPRB, a virus

with a catalytic inactive mutant of PTPRB was also

Fig. 1. The analysis of the PTPRB expression during differentiation of the immortalized brown preadipocytes. 

Quantification of PTPRB mRNA expression during brown adipocyte differentiation by RT-PCR (A) and Real-time PCR (B). Total RNA was

extracted on the indicated days of differentiation. TBP was used as a loading control.

Fig. 2. The overexpression of PTPRB suppresses brown adipocyte differentiation of the immortalized brown preadipocytes.

Immortalized brown preadipocytes were stably infected with retroviruses (pRetroX-IRES-ZsGreen1) expressing Control Vector, FLAG-tagged

PTPRB or PTPRB-CS (catalytically inactive; catalytic Cys 1907 was replaced with Ser). Infected cells were selected by FACS sorting. (A) GFP

expression was monitored directly using fluorescence microscopy. (B) The expression level of PTPRB was confirmed by Real-time PCR and

western blot analysis. (C) The cells expressing wild-type or mutant PTPRB were induced to differentiate into brown adipocytes through the brown

adipogenic program for 6 days. Then, cells were stained with Oil-Red-O to visualize the lipid droplets. (D) The mRNA expression levels of UCP-

1, PGC-1α, PRDM16, PPAR-γ, and CIDEA were analyzed by Real-time PCR. The data represent the means ± SD (n = 3, *p < 0.05).
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constructed (PTPRB-CS; catalytic Cys1904 was replaced

with Ser). The infected cells were isolated using a FACSAria

sorter (FACSAria, BD Biosciences) and further grown.

Most of the enriched cells were green fluorescent protein

(GFP) positive under a fluorescence microscope (Fig. 2A).

Ectopic expression of the wild-type and mutant PTPRB was

verified by western blot and real-time PCR. Expression of

the PTPRB and PTPRB-CS was continuously detected in

mature brown adipocytes (Fig. 2B). The enriched cells were

induced to differentiate into mature brown adipocytes, and

lipid accumulation was visualized by Oil-Red-O staining at

6 days after culturing with differentiation medium

(Fig. 2C). Overexpression of wild-type PTPRB resulted in a

lower degree of lipid accumulation compared with that of

the control cells and those expressing the PTPRB mutant

protein (Fig. 2C). Consistent with these results, the

expression levels of brown adipocyte-related genes, such as

UCP-1, PGC-1α, PRDM16, PPAR-γ and CIDEA, were

significantly down-regulated upon PTPRB overexpression

but were not changed by the introduction of the inactive

mutant PTPRB (Fig. 2D). These results suggest that the

phosphatase activity is critical in the regulation of brown

adipocyte differentiation. In particular, expression of key

thermogenic genes UCP-1 and PGC-1 α was markedly

suppressed by the ectopic PTPRB expression implying that

PTPRB may induce a reduction of brown adipogenesis by

decreasing the thermogenic program during differentiation.

Mitochondria have a central role in energy metabolism in

many cell types. In particular, brown adipocytes contain a

high number of mitochondria. Therefore, the mitochondrial

content is an important indicator of brown adipocyte

function and differentiation. To determine whether PTPRB

influences the mitochondrial content of brown adipocytes,

we examined the change in the expression level of

mitochondrial NADH dehydrogenase 1 (ND1) during brown

adipogenesis. As shown in Fig. 3A, the mRNA level of ND1

was significantly decreased by PTPRB overexpression;

however, PTPRB-CS overexpression did not affect the ND1

level. Consistently, the results of the mitochondrial staining

clearly show a decrease in mitochondria upon PTPRB

overexpression (Fig. 3B). These results suggest that PTPRB

affects mitochondrial biogenesis and the function of brown

adipocytes by controlling the thermogenic gene expression

of genes such as UCP-1 and PGC-1α.

PTPRB is a receptor-type PTP, which is known as VE-

PTP, because it is exclusively expressed in endothelial cells.

PTPRB binds to vascular E-cadherin (VE-cadherin) and

reduces the tyrosine phosphorylation of VE-cadherin

independently of its enzymatic activity [28]. In addition,

PTPRB regulates the VEGFR2 activity thereby modulating

the VEGF-response [19]. VEGF is known to be a key factor

in BAT development and maintenance [20]. Therefore, we

speculated that PTPRB inhibited brown adipocyte

differentiation by modulating VEGFR2 phosphorylation.

Tyrosine phosphorylation of VEGFR2 in brown preadipocytes

was rapidly increased in response to a differentiation-

inducing cocktail. Notably, overexpression of PTPRB led to

the inhibition of tyrosine phosphorylation of VEGFR2 in

pro-brown adipogenic culture conditions (Fig. 4A). However,

the VEGFR2 phosphorylation level was not changed by the

Fig. 3. Effect of PTPRB on the mitochondrial content of brown adipocytes.

(A) NADH dehydrogenase 1 (ND1) was used to measure the mitochondrial DNA (mtDNA). Genomic and mtDNA were isolated from brown

adipocytes using DNA Mini Kits. TATA box binding protein (TBP) primers were used to assess the nuclear DNA. (B) The amount of mitochondria

was assessed after ectopic expression of the wild-type PTPRB or PTPRB mutant. Cells were stained with MitoTracker fluorescence (Invitrogen) for

visualization of mitochondria using confocal microscopy. MitoTracker is identified by the red color, and DAPI-stained nuclei are blue. 
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introduction of the catalytically inactive mutant PTPRB. To

further clarify the importance of PTPRB in controlling

VEGFR2 phosphorylation in brown adipogenesis, a specific

inhibitor of VEGFR2 tyrosine phosphorylation, CP547632,

was added to the culture medium during brown adipocyte

differentiation. As shown in Fig. 4B, tyrosine phosphorylation

of VEGFR2 was decreased with the treatment of CP547632.

Moreover, the cells treated with CP547632 together with

the PTPRB overexpression had an additive effect on the

inhibition of VEGFR2 phosphorylation compared to cells

treated only with CP547632. Additionally, comparison of

CP547632-treated PTPRB overexpressed cells to the

CP547632-only treated cell or the PTPRB overexpressed

cell, showed that the expression of the brown adipogenic

genes, such as UCP-1, PGC-1α., CIDEA and PPAR-γ, were

significantly decreased. In general, VEGFR2 phosphorylation

in brown preadipocytes was induced by serum VEGF-

response [20]. However, it is not clear whether the

components of a differentiation-inducing cocktail, such as

insulin, dexamethasone and IBMX, also activate VEGFR2

phosphorylation. Thus, extensive studies are needed to

clarify the detailed mechanism of VEGFR2 phosphorylation

during brown adipocyte differentiation. 

In conclusion, we showed that PTPRB potently inhibits

brown adipocyte differentiation through the regulation of

VEGFR2 phosphorylation, which leads to a suppression of

brown adipocyte-associated gene expression. Our data

suggest that PTPRB might act as a novel modulator of

brown adipogenesis, and it could be a novel target for the

treatment of obesity. 
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