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RPTPμ tyrosine phosphatase promotes 
adipogenic differentiation via modulation of 
p120 catenin phosphorylation
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ABSTRACT Adipocyte differentiation can be regulated by the combined activity of protein 
tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs). In particular, PTPs act as 
key regulators in differentiation-associated signaling pathways. We recently found that re-
ceptor-type PTPμ (RPTPμ) expression is markedly increased during the adipogenic differen-
tiation of 3T3-L1 preadipocytes and mesenchymal stem cells. Here, we investigate the func-
tional roles of RPTPμ and the mechanism of its involvement in the regulation of signal 
transduction during adipogenesis of 3T3-L1 cells. Depletion of endogenous RPTPμ by RNA 
interference significantly inhibited adipogenic differentiation, whereas RPTPμ overexpression 
led to an increase in adipogenic differentiation. Ectopic expression of p120 catenin sup-
pressed adipocyte differentiation, and the decrease in adipogenesis by p120 catenin was 
recovered by introducing RPTPμ. Moreover, RPTPμ induced a decrease in the cytoplasmic 
p120 catenin expression by reducing its tyrosine phosphorylation level, consequently leading 
to enhanced translocation of Glut-4 to the plasma membrane. On the basis of these results, 
we propose that RPTPμ acts as a positive regulator of adipogenesis by modulating the cyto-
plasmic p120 catenin level. Our data conclusively demonstrate that differentiation into adi-
pocytes is controlled by RPTPμ, supporting the utility of RPTPμ and p120 catenin as novel 
target proteins for the treatment of obesity.

INTRODUCTION
Protein phosphorylation plays major roles in a wide range of cellular 
processes. It occurs at serine, threonine, and tyrosine residues. In 
particular, tyrosine phosphorylation is an important regulatory 
mechanism in eukaryote physiology and human disease (Hunter, 

1987; Mustelin et al., 2002a, 2002b). Reversible tyrosine phosphory-
lation, which is governed by the balanced activity between protein 
tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs), 
regulates important signaling pathways involved in the control of 
proliferation, adhesion, and differentiation. Although equal and bal-
anced activities of PTKs and PTPs have been reported in many phys-
iological processes, the findings of several studies contribute to the 
emerging idea that PTPs have specific, active, and even dominant 
roles in tyrosine phosphorylation (Mustelin et al., 2002a, 2002b; 
Mustelin and Tasken, 2003). Moreover, several PTPs can act as bio-
chemical “on” or “off” switches and as key regulators in many sig-
naling pathways (Hunter, 2000).

Adipogenesis involves the formation of adipocytes from mesen-
chymal progenitor cells, and it is controlled by the sequential activa-
tion of transcription factors (Gregoire et al., 1998; Rosen and 
Spiegelman, 2000; Rosen et al., 2000; Rosen and MacDougald, 
2006). Subsequently, these transcription factors are regulated via 
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the activation of various adipogenic signaling pathways. Recently 
several reports have suggested that adhesion-mediated signaling 
also participates in adipogenic differentiation (Li and Xie, 2007; Luo 
et al., 2008; Park et al., 2009). For instance, Li and Xie (2007) showed 
that focal adhesion kinase is an essential regulator in the adipogenic 
differentiation of 3T3-L1 cells. Similarly, Luo et al. (2008) reported 
that disruption of the focal adhesion complex enhances adipocyte 
differentiation in mesenchymal progenitor cells, suggesting that 
adipocyte differentiation is induced by the disassembly of cell-ma-
trix proteins. In addition, cytoskeletal disassembly promotes adipo-
cyte differentiation of mouse embryonic stem cells (Feng et al., 
2010). β-Catenin, which is essential for cell adhesion and migration, 
is well known as an antiadipogenic factor, and its expression is 
down-regulated during adipogenesis (Kennell and MacDougald, 
2005; Hou et al., 2006; Kawai et al., 2007; Prestwich and Macdou-
gald, 2007). The expression of another adhesion-related protein, 
p120 catenin, is also decreased during adipogenic differentiation in 
3T3-L1 preadipocytes (Hou et al., 2006), indicating that p120 catenin 
may inhibit adipogenic differentiation, similar to the action of 
β-catenin. Furthermore, the mechanism of action of other p120 
catenin–like adipogenic signaling molecules, such as insulin, insulin-
like growth factor-I, and β-catenin (White and Kahn, 1994; White 
and Yenush, 1998; Piedra et al., 2001), is mediated by phosphoryla-
tion and dephosphorylation at tyrosine residues (Keilhack et al., 

2000; Owens et al., 2000; Zondag et al., 
2000). These findings collectively suggest 
that PTPs may have a pivotal role in adipo-
genesis. However, the functional role of 
PTPs in adipogenic differentiation is still 
poorly understood.

PTPs are a group of enzymes that re-
move phosphate groups from phosphory-
lated tyrosine residues on proteins. On the 
basis of their primary structure and catalytic 
domains, PTPs are divided into four distinct 
classes that encompass all 107 members of 
this group of enzymes (Alonso et al., 2004). 
Individual PTPs may be expressed by all 
cell types, or their expression may be 
strictly specific to certain tissues, including 
insulin-sensitive tissues (Drake and Posner, 
1998; Goldstein et al., 1998). Several PTPs, 
such as PTP-BL, PTP-RQ and leukocyte 
common antigen–related (LAR), have im-
portant roles in adipogenesis (Glondu-Las-
sis et al., 2009; Jung et al., 2009; Kim et al., 
2009). Previously, we demonstrated that 
LAR and PTP-RQ tyrosine phosphatases 
participate in adipogenic differentiation by 
modulating insulin receptor phosphoryla-
tion and the intracellular level of phosphati-
dylinositol phosphates, respectively (Jung 
et al., 2009; Kim et al., 2009). This strongly 
implies the intimate involvement of PTPs in 
adipogenesis.

Recently we also found that the expres-
sion of receptor-type PTPμ (RPTPμ) is in-
creased during adipogenesis. RPTPμ is a 
key regulator in tyrosine phosphorylation of 
the cadherin–catenin complex (Lilien and 
Balsamo, 2005; Ostman et al., 2006), and 
this phosphatase binds to and directly de-

phosphorylates p120 catenin (Zondag et al., 2000), indicating the 
possibility that RPTPμ affects adipogenic differentiation through the 
regulation of p120 catenin phosphorylation. However, the effect of 
PTPμ on adipogenesis has not yet been reported. Moreover, the 
relationship between p120 catenin and adipogenic differentiation 
had not been extensively examined until now. Therefore, the pres-
ent study was undertaken to investigate the mechanism of RPTPμ in 
adipogenic differentiation in the 3T3-L1 preadipocyte cell line.

RESULTS
Expression of RPTPμ during adipogenic differentiation of 
3T3-L1 preadipocytes and human mesenchymal stem cells
To establish whether RPTPμ is involved in regulating adipogenic 
differentiation, we examined the change in the expression level of 
RPTPμ during the adipogenesis of 3T3-L1 cells. The RPTPμ mRNA 
and protein levels were significantly increased after differentiation 
of 3T3-L1 cells into adipocytes (Figure 1, A and B). Expression of 
the adipogenic markers fatty acid–binding protein 4 (aP2) and 
PPAR-γ was increased during adipogenesis of 3T3-L1 preadipo-
cytes (Figure 1A). In addition, RPTPμ mRNA and protein levels 
were markedly increased from the early stages of adipogenesis in 
human mesenchymal stem cells (MSCs) (Figure 1, C–E), although 
expression analysis showed an oscillation pattern. These results 
clearly show that RPTPμ expression increases during adipogenic 

FIGuRE 1: RPTPμ expression is dramatically increased in both 3T3-L1 preadipocytes and human 
MSCs during adipogenic differentiation. (A) Analysis of RPTPμ mRNA (top) and protein (bottom) 
expression during the adipocyte differentiation of 3T3-L1 preadipocytes. (B) Densitometric 
analysis of RPTPμ protein expression during adipocyte differentiation of 3T3-L1 cells. 
(C) Analysis of RPTPμ mRNA expression during early stages of adipogenesis in human MSCs 
(hMSCs) with RT-PCR (top) and densitometry (bottom). (D) Analysis of RPTPμ mRNA expression 
during adipocyte differentiation of hMSCs with real-time PCR. (E) Analysis of RPTPμ protein 
expression during adipocyte differentiation of hMSCs. For the RT-PCR analysis, total RNA was 
extracted on the indicated days of differentiation and was used to synthesize cDNA for RT-PCR. 
aP2 and PPAR-γ were used as positive controls for adipocyte differentiation, and β-actin was 
used as a loading control. For Western blot analysis, whole-cell lysates were extracted on the 
indicated days of differentiation and were subjected to analysis using antibodies against RPTPμ 
(23820, Abcam) and adipocyte differentiation markers, such as aP2 and PPAR-γ. β-Actin was 
used as the loading control.
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differentiation in both human MSCs and the 3T3-L1 preadipocyte 
cell line.

Effect of RPTPμ knockdown on adipogenic differentiation 
of 3T3-L1 preadipocytes
To determine whether endogenous RPTPμ influences differentia-
tion into adipocytes, four different short hairpin RNA (shRNA) 
constructs (RPTPμ shRNA I–IV) were produced and tested for their 
effectiveness in suppressing RPTPμ expression in 3T3-L1 preadi-
pocytes using a retrovirus expression system (Clontech pSIREN-
RetroQ-DsRed). Most of the infected cells were found to be red 
fluorescent protein (RFP) positive by fluorescence microscopy after 
fluorescence-activated cell sorting (FACS) sorting (Figure 2A). The 
knockdown of endogenous RPTPμ expression was additionally 
confirmed by RT-PCR and Western blot, which showed that the 
shRNA RPTPμ-I and III constructs efficiently decreased the endog-
enous RPTPμ expression (Figure 2B). On the other hand, RPTPμ 
expression was not significantly changed by the shRNA RPTPμ-II 
and IV constructs. Retrovirally transduced 3T3-L1 preadipocytes 
were induced to differentiate into adipocytes in growth medium 
containing MDI (see Materials and Methods) for 2 d, followed by 
further differentiation and maturation in growth medium supple-
mented with insulin only for 10 d. As shown in Figure 2C, fat ac-
cumulation was visualized by staining the lipid droplets with Oil-
Red-O. The depletion of RPTPμ (using the shRNA RPTPμ-I and III 
constructs) dramatically inhibited the differentiation of these cells 
into mature adipocytes as compared with the differentiation of the 
control and scrambled retrovirus-infected cells (Figure 2C). Gener-
ally, the degree of adipogenic differentiation correlated with the 
expression level of RPTPμ (compare Figure 2, B and C), confirming 

that RPTPμ expression is certainly involved 
in adipogenesis.

Effect of ectopic expression of RPTPμ 
on adipogenic differentiation
To further clarify the role of RPTPμ in adi-
pogenesis, 3T3-L1 cells were infected with 
the FLAG-tagged RPTPμ using a retrovirus 
system (RPTPμ IRES-GFP). The RPTPμ-CS 
(catalytic inactive mutant; catalytic 
Cys1129 was replaced with Ser) and a 
control vector were used as negative con-
trols. Infected cells were isolated using a 
FACS sorter (BD Biosciences FACSAria) 
and were further grown. Most of the en-
riched cells were green fluorescent protein 
(GFP) positive under a fluorescence micro-
scope (Figure 3A). Overexpression of wild-
type and mutant RPTPμ proteins was veri-
fied by Western blot analysis using 
anti-RPTPμ antibody (Figure 3B). Expres-
sion of the RPTPμ protein was continu-
ously detected in mature adipocytes 
(Figure 3E). The enriched cells were in-
duced to differentiate into mature adipo-
cytes, and lipid accumulation was analyzed 
by Oil-Red-O staining 10 d after culturing 
with the differentiation medium (Figure 
3C). Overexpression of wild-type RPTPμ 
resulted in an enhanced lipid accumula-
tion as compared with that of control cells 
and those expressing the RPTPμ mutant 

protein (Figure 3, C and D), suggesting that the phosphatase ac-
tivity is critical in up-regulating the adipogenic differentiation of 
3T3-L1 cells. Consistent with these results, the expression levels 
of aP2 increased in mature adipocytes upon ectopic RPTPμ ex-
pression (Figure 3E).

Effect of p120 catenin on adipogenic differentiation
In view of the finding that RPTPμ binds and directly dephosphory-
lates p120 catenin (Zondag et al., 2000), we initially investigated 
whether p120 catenin regulates the adipogenic differentiation of 
3T3-L1 cells. Consistent with a previous report (Hou et al., 2006), 
p120 catenin and β-catenin expression markedly decreased during 
adipogenesis (Figure 4A). In general, p120 catenin exists in equilib-
rium between two states, either bound to the membrane-proximal 
region of cadherin or free in the cytoplasm. Accordingly, we exam-
ined the subcellular localization of p120 catenin during adipogen-
esis. As shown in Figure 4B, the p120 catenin level was dramatically 
reduced in the membrane fraction, whereas the cytoplasmic pool of 
p120 was relatively retained at the early adipogenesis phase. Next 
we stably expressed the full-length p120 catenin by using a retrovi-
rus system (pLZRS-MS-IRES-GFP) in 3T3-L1 cells. The infection of 
cells was confirmed by fluorescence microscopy (Figure 4C) and 
Western blotting (Figure 4D). Cells overexpressing p120 catenin 
were induced into mature adipocytes for 10 d, and the cells were 
stained with Oil-Red-O to visualize the degree of lipid accumula-
tion. Overexpression of p120 catenin resulted in a lower degree of 
lipid accumulation as compared with the control vector in 3T3-L1 
preadipocytes (Figure 4, E and F). These results suggest that p120 
catenin may be involved in adipocyte differentiation as a negative 
regulator.

FIGuRE 2: RPTPμ shRNA suppresses adipogenic differentiation. (A) Direct monitoring of RFP 
expression under a fluorescence microscope after enrichment using a FACS sorter (BD 
Biosciences FACSAria). 3T3-L1 cells were infected with a retrovirus containing vector alone 
(pSIREN-RetroQ-DsRed), scrambled insert, or four different RPTPμ shRNA constructs. Infected 
cells were then selected with a FACS sorter. (B) Knockdown of RPTPμ shRNA was confirmed by 
RT-PCR (top) and Western blot (middle) analysis (using antibodies against RPTPμ; 23820, 
Abcam). Quantification of RPTPμ protein expression was performed using densitometric analysis 
(bottom). (C) RPTPμ-depleted cells were induced to differentiate into mature adipocytes for 10 d 
by MDI medium. Ten days later, cells were stained with Oil-Red-O to visualize the degree of lipid 
accumulation.
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Effects of RPTPμ on adipogenic differentiation in 
cells overexpressing p120 catenin
To clarify the functional role of RPTPμ in adipogenesis, we reinfected 
the p120 catenin-expressing 3T3-L1 cells with RPTPμ or mutant 
RPTPμ (by using pRetro-IRES-RFP). Most of the reinfected cells were 
detected as both GFP and RFP positive by fluorescence microscopy 
(Figure 5A). Overexpression of p120 catenin and RPTPμ expression 
were confirmed by Western blot analysis (Figure 5B). Of interest, 
the reintroduction of wild-type RPTPμ in the p120 catenin-overex-
pressing cells induced the partial recovery of adipogenic differenti-
ation. By contrast, the reintroduction of RPTPμ-CS caused no sig-
nificant change in the differentiation rate of the cells, indicating the 
crucial involvement of RPTPμ phosphatase activity in adipogenesis 
(Figure 5, C and D).

RPTPμ regulates adipogenic differentiation via p120 
catenin dephosphorylation
On the basis of a report that RPTPμ is a key mediator of p120 
catenin dephosphorylation (Zondag et al., 2000), it is proposed that 
RPTPμ regulates adipogenesis by controlling p120 catenin phos-
phorylation. Under our experimental conditions, phosphorylation of 
p120 catenin was dramatically decreased during adipogenesis in 
RPTPμ-expressing 3T3-L1 cells as compared with the control cells 

(Figure 6A). However, the p120 catenin 
phosphorylation level was not changed by 
introduction of the RPTPμ-CS mutant. These 
data strongly indicate that RPTPμ phos-
phatase activity is associated with the de-
phosphorylation of p120 catenin. Next we 
examined the effect of RPTPμ on endoge-
nous p120 catenin distribution. Our results 
clearly supported a crucial role of RPTPμ in 
phosphorylation-dependent distribution of 
p120 catenin (Figure 6B). Specifically, RPTPμ 
dephosphorylated p120 catenin, subse-
quently leading to a lower level of cytoplas-
mic protein compared with that observed 
with the vector control and RPTPμ-CS.

Because cytoplasmic p120 catenin is re-
lated to Glut-4 trafficking (Hou et al., 2006), 
we next examined Glut-4 membrane 
trafficking in p120 catenin- and RPTPμ-
coexpressing 3T3-L1 cells. Intracellular 
Glut-4 vesicles are translocated to the 
plasma membrane when stimulated by in-
sulin. Consistent with a previous report 
(Hou et al., 2006), Glut-4 membrane traf-
ficking was significantly inhibited by p120 
catenin overexpression. Of note, the rein-
troduction of wild-type RPTPμ in p120 
catenin-overexpressing cells induced a re-
covery of Glut-4 membrane translocation in 
differentiated 3T3-L1 adipocytes (Figure 
6C, top). Analogous to the result obtained 
with immunofluorescence staining, flow cy-
tometry analysis also confirmed that over-
expression of p120 catenin inhibited Glut-4 
membrane trafficking, and coexpression of 
p120 catenin and RPTPμ resulted in an in-
crease in Glut-4 membrane trafficking as 
compared with p120 catenin-expressing 
cells in differentiated 3T3-L1 cells (Figure 

6C, bottom). Consistently, this effect was diminished upon intro-
duction of mutant RPTPμ-CS in lieu of wild-type RPTPμ.

DISCUSSION
Our understanding of the molecular regulation of adipogenic dif-
ferentiation has been remarkably advanced by the recent finding 
that several PTPs are critically involved in adipogenesis (Glondu-
Lassis et al., 2009; Jung et al., 2009; Kim et al., 2009). We recently 
found that the expression level of RPTPμ phosphatase is signifi-
cantly up-regulated during the differentiation of 3T3-L1 preadi-
pocytes. We previously demonstrated that LAR and PTP-RQ ty-
rosine phosphatases function as negative regulators during 
adipocyte differentiation (Jung et al., 2009; Kim et al., 2009). In 
the present study, we investigated the functional roles of the ty-
rosine phosphatase RPTPμ in the adipogenic differentiation of 
3T3-L1 preadipocytes.

Enforced expression of wild-type RPTPμ in 3T3-L1 preadipocytes 
significantly promoted adipogenesis (Figure 3, C and D), clearly im-
plying that RPTPμ is crucial for adipocyte differentiation. In addition, 
RPTPμ overexpression, but not introduction of the RPTPμ-CS mu-
tant, induced increased aP2 expression, indicating that RPTPμ func-
tions by up-regulating this key adipogenic factor. Moreover, silenc-
ing of RPTPμ with shRNA led to dramatic inhibition of adipogenic 

FIGuRE 3: Overexpression of RPTPμ promotes adipogenic differentiation of 3T3-L1 cells. Cells 
were infected with retroviruses expressing FLAG-tagged RPTPμ or the RPTPμ-CS mutant 
(catalytically inactive; catalytic D1-Cys1129 was replaced with Ser). Infected cells were selected 
via FACS sorting. (A) GFP expression was monitored directly using fluorescence microscopy. 
(B) Expression of RPTPμ was confirmed by Western blot analysis using anti–RPTPμ antibody 
(MAB3740, Millipore). (C) Two days postconfluence (day 0), cells overexpressing wild-type or 
mutant RPTPμ were induced to differentiate into mature adipocytes with MDI for 10 d. Cells 
were stained with Oil-Red-O to visualize lipid droplets at 10 d postinduction. (D) Quantification 
of stained cells was performed using dye extraction buffer. The data represent the mean 
percentage levels ± SD as compared with the control vector (n = 3; *p < 0.05). (E) Whole-cell 
lysates were prepared on day 0 or 10 for Western blot analysis of RPTPμ, aP2, and β-actin. 
β-Actin was used as an internal control.
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FIGuRE 4: p120 catenin inhibits adipogenic differentiation of 3T3-L1 cells. (A) Analysis of β-catenin and p120 catenin 
protein levels during adipogenic differentiation of 3T3-L1 cells. (B) Subcellular localization of p120 catenin during 
adipogenesis of 3T3-L1 cells. Cells were induced to differentiate into mature adipocytes using a standard procedure. 
For fractionation analysis, whole-cell lysates were extracted on the indicated days of differentiation and fractionated, as 
described in Materials and Methods. Equal amounts of membrane and cytoplasmic proteins were analyzed by Western 
blot, using the anti-p120 catenin antibody. Loading control and fraction purity were confirmed after reprobing using 
antibodies against the membrane marker protein calnexin and cytoplasmic marker protein α-tubulin. (C) Full-length 
p120 catenin was inserted into the MCS of the pLZRS-MS-IRES-GFP vector, and infected cells were selected using a 
FACS sorter. Enriched cells (GFP positive) were confirmed using fluorescence microscopy. (D) Western blot analyses 
were performed to confirm overexpression of p120 catenin. (E) 3T3-L1 preadipocytes expressing p120 catenin were 
induced to differentiate into adipocytes via the adipogenic program for 10 d. Cells were stained with Oil-Red-O to 
visualize lipid droplets at 10 d postinduction. (F) Quantification of stained cells was performed using dye extraction 
buffer. The data represent mean percentage levels ± SD, compared with the control vector (n = 3; *p < 0.05).

differentiation, suggesting that RPTPμ is a potent proadipogenic 
regulator (Figure 2C).

The cadherin-associated molecule β-catenin is a well-known an-
tiadipogenic factor, and its expression is down-regulated during 
adipogenesis (Kennell and MacDougald, 2005; Hou et al., 2006; 
Kawai et al., 2007; Prestwich and Macdougald, 2007). The expres-
sion of another cadherin-associated molecule, p120 catenin, is also 
decreased during adipogenic differentiation in 3T3-L1 preadipo-
cytes (Hou et al., 2006), suggesting a negative role for this protein in 
adipogenesis. The present study clearly shows reduced p120 
catenin expression during adipogenic differentiation. In addition, 
overexpression of p120 catenin resulted in low lipid accumulation, 
indicating that p120 catenin has a role similar to that of β-catenin 
with respect to its antiadipogenic properties. Of note, the introduc-
tion of RPTPμ in p120 catenin-expressing cells resulted in a signifi-
cant change in the differentiation rate of the cells (Figure 5, C and 
D), indicating that RPTPμ enhances adipogenic differentiation by 
regulation of p120 catenin-dependent inhibition of adipogenesis.

RPTPμ functions as a cell–cell adhesion receptor (Brady-Kalnay 
et al., 1993; Gebbink et al., 1993). On the basis of a report that 
RPTPμ directly interacts with p120 catenin and controls the tyrosine 
phosphorylation state of p120 catenin (Zondag et al., 2000), we 
speculated that RPTPμ promotes adipogenesis by modulating p120 

catenin signaling through its tyrosine phosphatase activity. Consis-
tent with a previous observation (Zondag et al., 2000), RPTPμ mark-
edly reduced p120 catenin tyrosine phosphorylation following MDI 
treatment during adipocyte differentiation. This result indicates that 
p120 catenin tyrosine phosphorylation has the capacity to influence 
the antiadipogenic effect of p120 catenin. The p120 catenin protein 
exists in equilibrium between two states—either bound to the mem-
brane-proximal region of cadherin or free in the cytoplasm (Papkoff, 
1997; Ozawa and Kemler, 1998; Noren et al., 2000; Thoreson et al., 
2000), although p120 catenin is also found at low levels in the nu-
cleus. Our results indicate that p120 catenin distribution depends 
on its tyrosine phosphorylation state, which is regulated by phos-
phatase activity of RPTPμ. In adipocytes, insulin increases glucose 
transport by stimulating the translocation of Glut-4 from intracellular 
sites to the plasma membrane (Saltiel and Kahn, 2001). It has been 
reported that cytoplasmic p120 catenin inhibits Glut-4 membrane 
trafficking by the regulation of Rho and Rac (Hou et al., 2006). Our 
results also clearly show that cytoplasmic p120 catenin suppresses 
Glut-4 membrane translocation, and reduced Glut-4 membrane 
trafficking by p120 catenin is recovered by RPTPμ overexpression, 
suggesting that RPTPμ-mediated regulation of adipogenesis func-
tions by increasing the membrane trafficking activity. Furthermore, 
the marginal effect of the inactive RPTPμ mutant strongly supports 
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the importance of tyrosine phosphorylation(s) in the control of the 
p120 catenin function in membrane trafficking. In view of the partial 
restoration of adipogenesis upon the introduction of RPTPμ, we 
cannot exclude the possibility of involvement of other p120 catenin-
based mechanisms in the antiadipogenic effects. However, data 
from the present study clearly suggest that RPTPμ functions as a 
positive regulator of adipogenesis through modulating the cyto-
plasmic p120 catenin level via its phosphatase activity

Adipocyte and osteoblast differentiation are controlled in a re-
ciprocal pattern. Our previous study showed that LAR tyrosine phos-
phatase inhibits adipogenesis but induces osteoblastogenesis (Kim 
et al., 2009). Accordingly, we speculated that the enhancement of 
adipogenic differentiation by RPTPμ may occur via the inhibition of 
osteogenic differentiation, similar to the action of LAR phosphatase. 
However, we did not detect any change in the osteogenic differen-
tiation of MC3T3-E1 preosteoblast cells following RPTPμ overex-
pression (Supplemental Figure S1). Thus it is unlikely that RPTPμ is 
involved in the regulation of osteoblast differentiation.

In summary, the present study demonstrates that RPTPμ levels are 
increased during adipogenesis, and increased RPTPμ expression 
promotes adipogenesis. RPTPμ directly suppresses p120 catenin 
phosphorylation, which leads to decreased p120 catenin localization 
in the cytoplasm, which, in turn, increases Glut-4 plasma membrane 
translocation and enhances adipogenesis (Figure 7). Our results col-
lectively indicate that adipogenic differentiation is controlled by 
RPTPμ and p120 catenin, supporting the utility of these proteins as 
therapeutic targets for the treatment of obesity. Until now, this has 
not been extensively investigated with regard to the expression anal-
ysis of RPTPμ in adipose tissue (Koop et al., 2003). In addition, there 

is no report about adipose tissue defects in 
RPTPμ-knockout (KO) mice (Koop et al., 
2005). Therefore, to explore the detailed 
functions of RPTPμ in adipogenesis at an or-
ganism level, it is necessary to perform more 
extensive investigation of RPTPμ KO mice.

MATERIALS AND METHODS
Cell culture and adipogenic 
differentiation
The preadipocyte cell line 3T3-L1, derived 
from mouse embryonic fibroblasts, was pur-
chased from the American Type Culture 
Collection (Manassas, VA). The cells were 
cultured in growth medium (high-glucose 
DMEM containing a 1% antibiotic–antimy-
cotic solution and 10% bovine calf serum 
[Life Technologies-Invitrogen, Carlsbad, 
CA]) at 37°C in a humidified atmosphere 
with 5% CO2. Human MSCs were purchased 
from Cambrex Bio Science (Walkersville, 
MD) and were maintained in MSC growth 
medium (MSCGM; Cambrex Bio Science) at 
37°C in a humidified atmosphere with 5% 
CO2. GP2-293 packaging cells were grown 
in DMEM containing a 1% antibiotic–anti-
mycotic solution and 10% fetal bovine se-
rum (FBS). 3T3-L1 cells were induced to dif-
ferentiate into mature adipocytes as 
described previously (Kim et al., 2008, 2009; 
Jung et al., 2009). Confluent 3T3-L1 cells 
were incubated in differentiation medium 
composed of DMEM, 10% FBS, and MDI (a 

differentiation cocktail of 0.5 mM 3-isobutyl-1-methylxanthine, 1 μM 
dexamethasone, and 10 μg/ml insulin [Sigma-Aldrich, St. Louis, 
MO]). After 48 h, the medium was switched to a maintenance me-
dium composed of DMEM, 10% FBS, and 10 μg/ml insulin. The 
medium was replenished every other day. Adipogenic differentia-
tion of MSCs was induced as recommended by the manufacturer 
(Cambrex Bio Sciences).

Oil-Red-O staining
Cultured cells were washed twice with phosphate-buffered saline 
(PBS) and fixed with 10% formalin for 30 min at room temperature. 
Then, the cells were washed with distilled water and stained for 
30 min at room temperature with 0.3% filtered Oil-Red-O solution in 
60% isopropanol (Sigma-Aldrich). The stained cells were washed 
with distilled water, and micrographs were obtained. To extract the 
incorporated Oil-Red-O dye, absolute isopropanol was added to 
the stained cell culture dish, and the dish was shaken at room tem-
perature for 30 min. Triplicate samples were read at 510 nm using a 
GeneQuant 1300 spectrophotometer (GE Healthcare, Piscataway, 
NJ; Kim et al., 2009).

Construction of retroviral vectors and transduction
To construct 3T3-L1 cells that stably express a FLAG-tagged mouse 
RPTPμ (clone BC_079621, acquired from ImaGene, Berlin, Ger-
many), a retrovirus-mediated infection system was used. For expres-
sion of RPTPμ, DNA encoding the FLAG-tagged RPTPμ was inserted 
into the MCS of the pRetroX-IRES-ZsGreen1 or pRetroX-IRES-DsRed 
vector (Clontech, Mountain View, CA). Mouse p120 catenin cDNA in 
the pLZRS-MS-IRES-GFP retroviral vector was kindly provided by A. 

FIGuRE 5: Effects of p120 catenin and RPTPμ on adipogenic differentiation of 3T3-L1 cells. 
Cells overexpressing p120 catenin were reinfected with wild-type RPTPμ or mutant RPTPμ 
vector (pRetro-IRES-RFP). Reinfected cells were selected with a FACS sorter. (A) Expression of 
GFP and RFP was monitored using fluorescence microscopy. (B) Expression of p120 catenin and 
RPTPμ (MAB3740, Millipore) was confirmed by Western blot analysis. (C) p120 catenin- and 
RPTPμ-coexpressing 3T3-L1 cells were induced to undergo adipogenic differentiation for 10 d 
according to standard procedures. Cells were stained with Oil-Red-O to visualize lipid 
accumulation (a, control vector; b, p120 catenin; c, p120 catenin plus RPTPμ; d, p120 catenin 
plus RPTPμ-CS). (D) Quantification of stained cells was performed. The data represent mean 
percentage levels ± SD, compared with the control vector (n = 3; *p < 0.05, **p < 0.01).
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FIGuRE 6: RPTPμ inhibits the cytoplasmic p120 catenin level via regulation of p120 catenin phosphorylation. (A) After 
obtaining a confluent culture of 3T3-L1 cells overexpressing p120 catenin plus RPTPμ or mutant RPTPμ-CS, cells were 
serum starved for 12 h and treated with MDI for the indicated times. Total cell lysates containing equal amounts of 
protein were immunoprecipitated using agarose conjugated with anti-phosphotyrosine antibodies (4G10 and PY20), and 
Western blot analysis was performed with anti-p120 antibody. The same membrane was reprobed and immunoblotted 
with the anti–p120 catenin antibody. (B) Analysis of endogenous p120 catenin distribution by RPTPμ. Confluent 3T3-L1 
cells overexpressing wild-type RPTPμ or mutant RPTPμ-CS were treated with MDI for 24 h and fractionated (see 
Materials and Methods). Equal amounts of fractionated proteins were immunoprecipitated using agarose conjugated 
with anti-phosphotyrosine (4G10 and PY20) antibodies, and Western blot analysis was performed with anti–p120 catenin 
antibody. Loading control and fraction purity were measured with anti-calnexin and anti–α-tubulin antibodies. 
(C) Analysis of Glut-4 membrane trafficking in differentiated adipocytes. p120 catenin- and RPTPμ-coexpressing 3T3-L1 
cells were induced to differentiate into mature adipocytes for 10 d. Cells were serum starved for 3 h and treated with 
100 nM insulin for 30 min. Cells were stained with the anti–Glut-4 antibody, and Glut-4 staining was confirmed with 
confocal microscopy (a, control vector; b, p120 catenin; c, p120 catenin plus RPTPμ; d, p120 catenin plus RPTPμ-CS) 
(top) and FACS analysis (bottom).

5′-AATTCAAAAAAGCTGCCTCTTTGATGAACCATTCTCTT-
GAAATGGTTCATCAAAGAGGCAGCCG-3′; shRPTPμ-III: top, 
5′-GATC CGCCTATGAATTTGAGACACCTTTTCAAGAGAAAGG
T GTCTCAAATTCATAGGTTTTTTG-3′ and bottom, 5′-AATTCAA-
AAAACCTATGAATTTGAGACACCTTTCTCTTGAAAAGGTGTCT-
CAAATTCATAGGCG-3′; and shRPTPμ-IV: top, 5′-GATCCGC-
CCGGAAATAGATTTATCCAATTCAAGAGATTGGATAAATCT-
ATTTCCGGGTTTTTTG-3′ and bottom, 5′-AATTC AAAAAACCCG
GAAATAGATTTATCCAATCTCTTGAATTGGATAAATCTATTTC-
CGGGCG-3′. Each shRNA sequence was annealed and subcloned 
according to the manufacturer’s guidelines, and the nontargeting 
control shRNA (scrambled; SCR) was obtained from Clontech.

Cell fractionation
Cells were fractionated into membrane and cytoplasmic fractions 
using the Qproteome Cell Compartment kit (Qiagen, Valencia, CA). 
The purity of subcellular fractions was confirmed using antibodies 
against calnexin (Santa Cruz Biotechnology, Santa Cruz, CA; mem-
brane marker) and α-tubulin (Sigma-Aldrich; cytoplasmic marker).

Immunoblotting and immunoprecipitation
The cells were washed three times with ice-cold PBS containing 
1 mM sodium orthovanadate and were harvested in ice-cold RIPA or 

Reynolds (Vanderbilt University, Nashville, TN). For viral production, 
GP2-293 cell lines were transfected using Lipofectamine 2000 (Life 
Technologies-Invitrogen). The details of the transfection and trans-
duction methods were described previously (Jung et al., 2009; Kim 
et al., 2009). Infected cells were selected using a FACSAria cell 
sorter (BD Biosciences, San Diego, CA) and further maintained in 
growth medium. The ectopic expression of FLAG-tagged RPTPμ 
and p120 catenin was confirmed by Western blot analysis. As a 
negative control, an RPTPμ mutant (RPTPμ-CS; inactive mutant; 
catalytic Cys replaced with Ser) was constructed.

RNA interference
For the knockdown of RPTPμ in 3T3-L1 cells, the pSIREN-RetroQ-
DsRed Express retroviral vector (Clontech) was used. The shRNA 
was designed by selecting a target sequence specific for 
the mouse sequence by using the mission shRNA system of 
Sigma-Aldrich. The following gene-specific sequences were 
used: shRPTPμ-I: top, 5′-GATCCGCCACTGCACATCCGTAGTT-
ATTTCAAGAGAATAACTACGGATGTGCAGTGGTTTTTTG-3′ 
and bottom, 5′-AATTCAAAAAACCACTGCACATCCGTAGTTAT-
TCTCTTGAAATAACTACGGATGTGCAGTGGCG-3′; shRPTPμ-II: 
top, 5′-GATCCGGCTGCCTCTTT GATGAACCATTTCAAGA-
GA ATGGTTCATCAAAGAGGCAGCTTTTTTG-3′ and bottom, 
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detected with a Cy5-conjugated secondary 
antibody (1:100; Jackson ImmunoResearch 
Laboratories, West Grove, PA) for 1 h in a 
dark place. Finally, the cells were washed 
five times with PBS, mounted onto glass 
slides with Vectashield (Vector Laboratories, 
Burlingame, CA). and imaged using a 
Zeiss Axiovert fluorescence microscope 
(Carl Zeiss, Jena, Germany).

RNA extraction and real-time PCR
Total RNA was extracted from cultured cells 
using RNeasy minicolumns (Qiagen), and 
first-strand cDNA (cDNA) was synthesized 
using 1 μg of total RNA as a template and 
AccuPower Cycle Script RT Premix (dT)20 
(Bioneer, Daejeon, Korea) in a total volume 
of 20 μl, according to the manufacturer’s in-
structions. The primer sequences were as 
follows: mouse RPTPμ (forward, 5′-AGG 
AAA ATG ACA CCC ACT GC-3′, and re-
verse, 5′-GTC AAG GTG CCC AAT CTT GT-
3′); mouse PPAR-γ (forward, 5′-GAG CAC 
TTC ACA AGA AAT TAC C-3′, and reverse, 
5′-GAA CTC CAT AGT GGA AGC CT-3′); 
mouse aP2 (forward, 5′-GTG GGA ACC 
TGG AAG CTT GTC-3′, and reverse, 5′-CTT 
CAC CTT CCT GTC GTC TGC-3′); and 
mouse RPTPμ (forward, 5′-CAT CCG TAA 
AGA CCT CTA TGC CAA-3′, and reverse, 
5′-ATG GAG CCA CCG ATC CAC A-3′). The 
PCR was performed with the Maxime PCR 
Premix Kit (Intron, Seoul, Korea).

For real-time PCR, the SYYBR Premix Ex 
Tag (TaKaRa, Otsu, Japan) system was applied to detect the RPTPμ 
expression level using a Dice TP 800 Thermal Cycler (TaKaRa). Prim-
ers were used for human RPTPμ (forward, 5′-TTTGCTACCTTCCA-
GTGCAG-3′, reverse, 5′-CATCAATGCCCTGTAACC-AG-3′) and 
β-actin (forward, 5′-AGGCCCAGAGCAAGAGAGG-3′, reverse, 
5′-TACATGGCTGGGGTGTTGAA-3′). Densitometric analysis of 
RPTPμ expression was performed using the ImageJ (National Insti-
tutes of Health, Bethesda, MD) program.

FACS analysis
Cells were cultured on six-well plates and differentiated into adipo-
cytes. The cells were serum starved for 3 h and treated with 100 nM 
insulin. The cells were harvested with trypsin and then washed two 
times with FACS buffer (200 × g for 5 min at 4°C). Next the cells 
were incubated with anti–Glut-4 antibody (1:50; diluted in 1% BSA-
PBS; Abcam) for 30 min at 4°C and washed three times with FACS 
buffer. The signal was detected with a Cy5-conjugated secondary 
antibody (1:100; diluted in 1% BSA-PBS; Jackson ImmunoResearch 
Laboratories) for 30 min at 4°C. Finally, the cells were washed three 
times with FACS buffer, and the level of Glut-4 was determined by 
flow cytometry (FACSCalibur, BD Biosciences).

NP-40 lysis buffer containing a protease inhibitor and a phosphatase 
inhibitor cocktail (Roche, Basel, Switzerland). The protein concentra-
tions were measured with a BCA Protein Assay Kit (Pierce, Rockford, 
IL). For analysis of endogenous p120 catenin phosphorylation, frac-
tionated proteins were immunoprecipitated using agarose conju-
gated with anti-phosphotyrosine (4G10; Millipore, Billerica, MA) and 
platinum anti-phosphotyrosine (4G10 plus PY20; Millipore) antibod-
ies. Antibodies (4G10 [20 μl] and 4G10 plus PY20 [5–10 μl]) were 
added to fractionated proteins (200–400 μg). Mixtures were incu-
bated overnight at 4°C. Immunoblotting and immunoprecipitation 
were performed as described previously (Kim et al., 2009). Anti-
RPTPμ was obtained from Abcam (Cambridge, MA) and Millipore, 
and the p120 catenin antibody was purchased from Cell Signaling 
Technology (Beverly, MA). The anti-FLAG and β-actin antibodies 
were purchased from Sigma-Aldrich. Secondary antibodies were 
purchased from Abcam, and the membranes visualized using the 
SuperSignal West Pico Chemiluminescent Substrate Kit (Pierce).

Immunofluorescence
Cells were induced to differentiate into mature adipocytes in six-well 
dishes containing glass coverslips. The cells were serum starved for 
3 h and were treated with insulin for 30 min. Cells were fixed and 
permeabilized with Cytofix/Cytoperm (BD Biosciences) for 30 min 
and then washed four times with PBS. Next the cells were blocked 
with Image-iT FX signal enhancer (Invitrogen) for 30 min and washed 
four times with PBS. The antibodies were diluted in 1% BSA-PBS. 
The cells were incubated with anti–Glut-4 (1:100, Abcam) for 1 h at 
room temperature and washed five times with PBS. The signal was 

FIGuRE 7: Proposed mechanism of RPTPμ-induced adipogenic differentiation. p120 catenin 
coimmunoprecipitates with cadherins. A key function of p120 catenin is to promote adhesion by 
binding and stabilizing cadherin at the cell surface (Peifer and Yap, 2003; Kowalczyk and 
Reynolds, 2004; Ishiyama et al., 2010). Regulatory signals (probably mediated by receptor 
tyrosine kinases and PTPs) control the affinity of p120 catenin for cadherin, thereby regulating 
the internalization and/or recycling of cadherin complexes (Reynolds, 2010). 1) During 
adipogenesis, insulin is a positive regulator and induces Glut-4 membrane translocation, 
resulting in stimulation of glucose uptake into the cytoplasm. Subsequently, increased glucose 
flux may induce lipid accumulation during adipogenic differentiation. 2) p120 catenin exists in 
equilibrium between its membrane and cytoplasmic forms, and 3) this equilibrium may be 
regulated by p120 catenin phosphorylation. It has been known that cytoplasmic p120 catenin 
strongly inhibits Glut-4 membrane trafficking, thereby inhibiting adipogenesis. Our data clearly 
suggest that RPTPμ directly inhibits p120 catenin phosphorylation, inducing a decrease in 
cytoplasmic p120 catenin, which, in turn, leads to increased Glut-4 plasma membrane 
translocation and enhanced adipogenesis.

ACKNOWLEDGMENTS
We thank Sayeon Cho, Do Hee Lee, and Yeon-Soo Seo for their 
continuous encouragement and helpful advice. In addition, we are 
grateful to Sang J. Chung, Jeong-Ki Min, Doo Byoung Oh, Jeong 
Hoon Kim, and Seung-Wook Chi for careful reading of the manu-
script and insightful comments. This work was supported by grants 



Volume 22 December 15, 2011 RPTPμ promotes adipogenesis | 4891 

phosphatase-μ-deficient mice. Am J Physiol Heart Circ Physiol 288, 
H1218–H1223.

Kowalczyk AP, Reynolds AB (2004). Protecting your tail: regulation of cad-
herin degradation by p120-catenin. Curr Opin Cell Biol 16, 522–527.

Li JJ, Xie D (2007). Cleavage of focal adhesion kinase (FAK) is essential in 
adipocyte differentiation. Biochem Biophys Res Commun 357, 648–654.

Lilien J, Balsamo J (2005). The regulation of cadherin-mediated adhesion 
by tyrosine phosphorylation/dephosphorylation of β-catenin. Curr Opin 
Cell Biol 17, 459–465.

Luo W, Shitaye H, Friedman M, Bennett CN, Miller J, Macdougald OA, 
Hankenson KD (2008). Disruption of cell-matrix interactions by heparin 
enhances mesenchymal progenitor adipocyte differentiation. Exp Cell 
Res 314, 3382–3391.

Mustelin T, Abraham RT, Rudd CE, Alonso A, Merlo JJ (2002a). 
Protein tyrosine phosphorylation in T cell signaling. Front Biosci 7, 
d918–d969.

Mustelin T, Feng GS, Bottini N, Alonso A, Kholod N, Birle D, Merlo J, Huynh 
H (2002b). Protein tyrosine phosphatases. Front Biosci 7, d85–d142.

Mustelin T, Tasken K (2003). Positive and negative regulation of T-cell activa-
tion through kinases and phosphatases. Biochem J 371, 15–27.

Noren NK, Liu BP, Burridge K, Kreft B (2000). p120 catenin regulates the 
actin cytoskeleton via Rho family GTPases. J Cell Biol 150, 567–580.

Ostman A, Hellberg C, Bohmer FD (2006). Protein-tyrosine phosphatases 
and cancer. Nat Rev Cancer 6, 307–320.

Owens DW, McLean GW, Wyke AW, Paraskeva C, Parkinson EK, Frame 
MC, Brunton VG (2000). The catalytic activity of the Src family kinases is 
required to disrupt cadherin-dependent cell-cell contacts. Mol Biol Cell 
11, 51–64.

Ozawa M, Kemler R (1998). The membrane-proximal region of the E-
cadherin cytoplasmic domain prevents dimerization and negatively 
regulates adhesion activity. J Cell Biol 142, 1605–1613.

Papkoff J (1997). Regulation of complexed and free catenin pools by 
distinct mechanisms. Differential effects of Wnt-1 and v-Src. J Biol Chem 
272, 4536–4543.

Park IS, Han M, Rhie JW, Kim SH, Jung Y, Kim IH (2009). The correlation 
between human adipose-derived stem cells differentiation and cell 
adhesion mechanism. Biomaterials 30, 6835–6843.

Peifer M, Yap AS (2003). Traffic control: p120-catenin acts as a gatekeeper 
to control the fate of classical cadherins in mammalian cells. J Cell Biol 
163, 437–440.

Piedra J, Martinez D, Castano J, Miravet S, Dunach M, de Herreros AG 
(2001). Regulation of β-catenin structure and activity by tyrosine phos-
phorylation. J Biol Chem 276, 20436–20443.

Prestwich TC, Macdougald OA (2007). Wnt/β-catenin signaling in adipogen-
esis and metabolism. Curr Opin Cell Biol 19, 612–617.

Reynolds AB (2010). Exposing p120 catenin’s most intimate affair. Cell 141, 
20–22.

Rosen ED, MacDougald OA (2006). Adipocyte differentiation from the 
inside out. Nat Rev Mol Cell Biol 7, 885–896.

Rosen ED, Spiegelman BM (2000). Molecular regulation of adipogenesis. 
Annu Rev Cell Dev Biol 16, 145–171.

Rosen ED, Walkey CJ, Puigserver P, Spiegelman BM (2000). Transcriptional 
regulation of adipogenesis. Genes Dev 14, 1293–1307.

Saltiel AR, Kahn CR (2001). Insulin signalling and the regulation of glucose 
and lipid metabolism. Nature 414, 799–806.

Thoreson MA, Anastasiadis PZ, Daniel JM, Ireton RC, Wheelock MJ, 
Johnson KR, Hummingbird DK, Reynolds AB (2000). Selective uncou-
pling of p120(ctn) from E-cadherin disrupts strong adhesion. J Cell Biol 
148, 189–202.

White MF, Kahn CR (1994). The insulin signaling system. J Biol Chem 269, 
1–4.

White MF, Yenush L (1998). The IRS-signaling system: a network of docking 
proteins that mediate insulin and cytokine action. Curr Top Microbiol 
Immunol 228, 179–208.

Zondag GC, Reynolds AB, Moolenaar WH (2000). Receptor protein-
tyrosine phosphatase RPTPμ binds to and dephosphorylates the catenin 
p120(ctn). J Biol Chem 275, 11264–11269.

from the Korea Research Institute of Bioscience and Biotechnology, 
the Korea Research Council of Fundamental Science and Technol-
ogy (National Agenda Project), and the Stem Cell Research Program 
(Grants 2010-0020549, 2010-0020305, and 2011-0030028) of the 
Korea National Research Foundation.

REFERENCES
Alonso A, Sasin J, Bottini N, Friedberg I, Osterman A, Godzik A, Hunter T, 

Dixon J, Mustelin T (2004). Protein tyrosine phosphatases in the human 
genome. Cell 117, 699–711.

Brady-Kalnay SM, Flint AJ, Tonks NK (1993). Homophilic binding of PTPμ, 
a receptor-type protein tyrosine phosphatase, can mediate cell-cell ag-
gregation. J Cell Biol 122, 961–972.

Drake PG, Posner BI (1998). Insulin receptor-associated protein tyrosine 
phosphatase(s): role in insulin action. Mol Cell Biochem 182, 79–89.

Feng T, Szabo E, Dziak E, Opas M (2010). Cytoskeletal disassembly and cell 
rounding promotes adipogenesis from ES cells. Stem Cell Rev 6, 74–85.

Gebbink MF, Zondag GC, Wubbolts RW, Beijersbergen RL, van Etten I, 
Moolenaar WH (1993). Cell-cell adhesion mediated by a receptor-like 
protein tyrosine phosphatase. J Biol Chem 268, 16101–16104.

Glondu-Lassis M, Dromard M, Chavey C, Puech C, Fajas L, Hendriks W, 
Freiss G (2009). Downregulation of protein tyrosine phosphatase PTP-BL 
represses adipogenesis. Int J Biochem Cell Biol 41, 2173–2180.

Goldstein BJ, Ahmad F, Ding W, Li PM, Zhang WR (1998). Regulation of the 
insulin signalling pathway by cellular protein-tyrosine phosphatases. Mol 
Cell Biochem 182, 91–99.

Gregoire FM, Smas CM, Sul HS (1998). Understanding adipocyte differentia-
tion. Physiol Rev 78, 783–809.

Hou JC, Shigematsu S, Crawford HC, Anastasiadis PZ, Pessin JE (2006). 
Dual regulation of Rho and Rac by p120 catenin controls adipocyte 
plasma membrane trafficking. J Biol Chem 281, 23307–23312.

Hunter T (1987). A thousand and one protein kinases. Cell 50, 823–829.
Hunter T (2000). Signaling—2000 and beyond. Cell 100, 113–127.
Ishiyama N, Lee SH, Liu S, Li GY, Smith MJ, Reichardt LF, Ikura M (2010). 

Dynamic and static interactions between p120 catenin and E-cadherin 
regulate the stability of cell-cell adhesion. Cell 141, 117–128.

Jung H, Kim WK, Kim DH, Cho YS, Kim SJ, Park SG, Park BC, Lim HM, Bae 
KH, Lee SC (2009). Involvement of PTP-RQ in differentiation during 
adipogenesis of human mesenchymal stem cells. Biochem Biophys Res 
Commun 383, 252–257.

Kawai M, Mushiake S, Bessho K, Murakami M, Namba N, Kokubu C, 
Michigami T, Ozono K (2007). Wnt/Lrp/β-catenin signaling suppresses 
adipogenesis by inhibiting mutual activation of PPARg and C/EBPa. 
Biochem Biophys Res Commun 363, 276–282.

Keilhack H, Hellman U, van Hengel J, van Roy F, Godovac-Zimmermann J, 
Bohmer FD (2000). The protein-tyrosine phosphatase SHP-1 binds to 
and dephosphorylates p120 catenin. J Biol Chem 275, 26376–26384.

Kennell JA, MacDougald OA (2005). Wnt signaling inhibits adipogenesis 
through β-catenin-dependent and -independent mechanisms. J Biol 
Chem 280, 24004–24010.

Kim WK et al. (2009). Regulation of adipogenic differentiation by LAR 
tyrosine phosphatase in human mesenchymal stem cells and 3T3-L1 
preadipocytes. J Cell Sci 122, 4160–4167.

Kim WK, Lee CY, Kang MS, Kim MH, Ryu YH, Bae K-H, Shin SJ, Lee SC, Ko 
Y (2008). Effects of leptin on lipid metabolism and gene expression of 
differentiation-associated growth factors and transcription factors during 
differentiation and maturation of 3T3-L1 preadipocytes. Endocr J 55, 
827–837.

Koop EA, Lopes SM, Feiken E, Bluyssen HAR, Valk MVD, Voest EE, Mum-
mery CL, Moolenaar WH, Gebbink MFBG (2003). Receptor protein 
tyrosine phosphatase μ expression as a marker for endothelial cell 
heterogeneity; analysis of RPTPμ gene expression using LacZ knock-in 
mice. Int J Dev Biol 47, 345–354.

Koop EA, Gebbink MFBG, Sweeney TE, Mathy M-J, Heijnen HFG, Spaan 
JAE, Voest EE, VanBavel E, Peters SLM (2005). Impaired flow-induced 
dilation in mesenteric resistance arteries from receptor protein tyrosine 




