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Abstract

Objective The metabolic syndrome is an important social

problem affecting many people in developed countries.

Obesity is a leading cause of this syndrome, hence under-

standing molecular mechanisms underlying obesity is of

prime importance for preventive medicine to develop novel

methods to alleviate the corresponding social cost as well

as for pharmaceutical companies to develop antimetabolic

drugs.

Methods Since adipocytes play an important role in

obesity, we explored the signaling pathways leading to

differentiation of adipocytes. We used a preadipocyte cell

line to monitor the differentiation of adipocytes, and virus-

mediated gene transfer to assess the role of the transcrip-

tion factor Stat5 in adipogenesis. Adipocyte differentiation

was assessed by Northern blot and Western blot analyses as

well as accumulation of fat droplets in cells. Promoter

activity of the proadipogenic transcription factor peroxi-

some proliferator-activated receptor-gamma (PPARc) was

evaluated by luciferase assay.

Results Virus-mediated gene transfer of the constitutively

active form of both Stat5A and Stat5B resulted in enhanced

adipocyte differentiation in the absence of fetal bovine

serum (FBS) as judged by expression of proadipogenic

factors as well as accumulation of fat droplets in cells.

Such a proadipogenic effect of Stat5 is, in part, mediated

by its ability to enhance transcription of PPARc, a master

transcriptional regulator in adipogenesis.

Conclusion The constitutively active form of Stat5A and

Stat5B promoted adipocyte differentiation in the absence

of FBS via induction of PPARc.

Keywords Obesity � Adipocytes � Stat5 �
Signal transduction � PPARc

Introduction

At present, more than 1.7 billion people are considered to

be obese [1]. Obesity is caused by excess calorie intake and

is a major worldwide health concern. The World Health

Organization reports that at least 170 million people

worldwide suffer from diabetes due to obesity. Obesity is

characterized by dysregulated metabolism, dyslipidemia,

insulin resistance, metabolic syndrome, nonalcoholic fatty

liver disease, hyperglycemia, hypertension, some forms of

cancer, and increased risk for development of type 2 dia-

betes (T2D) and its most serious comorbidity, cardiovas-

cular disease. It is estimated that around 90% of T2D is due

to obesity [2]. If not reversed, exacerbating obesity will

lead to an epidemic of these comorbidities that will chal-

lenge many health care delivery systems. Thus, obesity

poses a great challenge for public health.

To date, many studies have shed light on obesogenic

genes, transcriptional processes, and signaling pathways

that control weight gain; however, we are far from

understanding the whole process of obesity [3, 4]. Since

excess adipocyte size and number are tightly linked to

obesity, it is important to decipher the molecular mecha-

nisms underlying such differentiation.
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Differentiation of preadipocyte cell lines such as 3T3L-1

and 3T3-F422A is stimulated in response to adipogenic

hormone cocktails comprising insulin, glucocorticoids,

cyclic adenosine monophosphate (cAMP)-producing fac-

tors, and fetal bovine serum (FBS). Such treatment allows

growth-arrested preadipocytes to re-enter the cell cycle

with another one or two cell cycles, which is known as

mitotic clonal expansion. The transcription factor CCAAT/

enhancer binding proteins (C/EBP) b and d are induced

during this period, and induction of these factors is a pre-

requisite for expression of PPARc, a master regulator of

adipogenesis [3, 4]. PPARc in turn stimulates expression of

C/EBPa. PPARc and C/EBPa promote adipogenesis by

turning on adipocyte-specific genes such as aP2, leptin, and

adiponectin. Terminally differentiated adipocytes harbor

fat droplets within the cells, which is a hallmark of energy-

storing cells.

PPARc is a nuclear hormone receptor whose agonists

such as thiazolidinedione (TZD) troglitazone, and rosig-

litazone are used as antidiabetic drugs, though the natural

ligand in the body has yet to be determined. It is note-

worthy that PPARc ligands are required for efficient adi-

pogenesis of fibroblastic cells [5].

The role of glucocorticoids and cAMP-producing fac-

tors in adipogenesis is considered to be induction of

C/EBPd and b, respectively, while that of insulin is

believed to be cross-activation of insulin-like growth factor

(IGF)-1 receptor. In contrast, the role of FBS in adipo-

genesis is more ambiguous, although FBS is essential for

adipogenesis. It is proposed that IGF-1 in FBS is critical for

adipogenesis; however, this remains to be formally proven.

Stat family proteins Stat1, 2, 3, 4, 5A, 5B, and 6 are

activated by many cytokines and play crucial roles in cell

proliferation and differentiation [6]. That the size of the fat

pad from Stat5A and Stat5B double-knockout mice is one-

fifth of that from control mice suggests that Stat5 plays a

role in adipogenesis [7]. Concurrently we have shown that

Stat5 is activated by FBS and adipogenic hormones, and

conveys the extracellular stimulus to the nucleus, culmi-

nating in execution of the adipogenic program in 3T3-L1

cells. Activation of Stat5 tightly correlates with expression

of PPARc2, an isoform of PPARc exclusively expressed in

adipocytes [8].

In the present report, we show that Stat5 regulates

murine PPARc2 promoter activity. Furthermore, we dem-

onstrate that ectopic expression of the constitutively active

form of Stat5A or Stat5B promotes expression of PPARc2

and adipogenesis in the absence of FBS. These data reveal

a novel facet of transcriptional cascades in adipogenesis

and highlight the role of Stat5 in fat cell differentiation.

Materials and methods

Retrovirus-mediated gene transduction in 3T3-L1 cells

Retroviral vectors were constructed using pLNCX2

(Clontech). pLNCX2 harboring the constitutively active

form of murine Stat5A (Stat5A*) and Stat5B (Stat5B*) [9]

were generated using the Quick change mutation kit

(Stratagene), and the mutated DNA sequence was verified

(ABI, 310 sequencer). These Stat5s reside in the nucleus

and show constitutive transcriptional activity in the

absence of ligands. Recombinant retroviruses were pro-

duced using Ecopack2 packaging cells and used for

transduction (Clontech). Neomycin-resistant 3T3-L1 cells

were selected after 2 weeks. These cells were grown to

confluence and subjected to adipogenic regimen.

Cell culture and induction of differentiation

3T3-L1 cells were maintained in growth medium consist-

ing of Dulbecco’s modified Eagle’s medium (DMEM)

containing 10% normal calf serum (CS). To differentiate

3T3-L1 cells, they were grown to confluence and left for

2 days. Cells were then exposed to fresh differentiation

medium consisting of DMEM, 10% CS, 1 lM dexameth-

asone (DEX), 0.5 mM methylisobutylxanthine (MIX), and

10 lg/ml insulin for 48 h. Thereafter, cells were refed

every other day with DMEM containing 10% CS and

2.5 lg/ml insulin. All experiments were done with CS,

except the transcriptional assay as shown in Fig. 1b, c,

wherein FBS was used instead of CS. FBS contains some

factors that activate Stat5.

Transient transfection assay

Murine PPARc2 promoter comprising ?1 to -1047 or ?1

to -1029 (devoid of Stat5 binding site) was cloned from

the genomic DNA of C57BL/6 mice by polymerase chain

reaction (PCR) with Pfu-turbo DNA polymerase (Strata-

gene) and ligated to pGL2-basic luciferase reporter gene

(Clontech). PPARc2 promoter harboring a mutated Stat5

site (50-TTCAGGGAA-30 to 50-GGCAGGTAA-30) was

created by PCR. Transfection of reporter gene was per-

formed with Lipofectamine-plus (Invitrogen) together with

Stat5A, Stat5B, Stat5A* or Stat5B* complementary DNA

(cDNA) in the presence of cDNA for renilla luciferase as

internal control. After transfection, both firefly and renilla

luciferase activities were measured, and relative luciferase

activity was calculated.
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RNA preparation

Total RNA was prepared with Trizol solution (Invitrogen)

at the indicated time points and subjected to Northern blot

analysis with digoxigenin (DIG)-labeled antisense RNA

probes as described [8].

Western blot analysis

Total cell lysates from 3T3-L1 cells were prepared 10 days

after differentiation. Proteins (50 lg) were separated on a

sodium dodecyl sulfate (SDS) polyacrylamide gel and

transferred to polyvinylidene fluoride (PVDF) membrane.

Proteins were visualized by enhanced chemiluminescence

(ECL) system (GE Biosciences). Anti-Stat5 (C-17), anti-

PPARc (H-100), and anti-C/EBPa (14AA) antibodies were

purchased (Santa Cruz Biotechnology).

Results

We have previously shown that Stat5 overexpression pro-

motes PPARc2 expression, while ectopic expression of

dominant negative Stat5 compromises it at both messenger

RNA (mRNA) and protein levels [8]. To gain insight into

the molecular mechanism underlying PPARc2 mRNA

expression, we have aligned a putative promoter region of

murine and human PPARc2 that is specific for adipocytes

[10]. Sequence comparison revealed that they exhibited

high similarity; in particular, several C/EBP binding sites

known to be important for PPARc2 promoter activity were

well conserved [11]. Intriguingly, sequences of mouse

promoter comprising between -1038 and -1030 and the

corresponding human region contained a putative Stat5

binding site (TTCNNNGAA, N: any nucleotide) [12]

(Fig. 1a, upper panel). These data indicate that the Stat5

binding site might be important for PPARc2 promoter

activity.

We explored this by measuring the murine PPARc2

promoter-luciferase reporter activity. Reporter gene con-

struct containing a putative Stat5 binding site was trans-

fected into 3T3-L1 cells together with Stat5A or Stat5B

cDNA. After transfection, cells were left unstimulated or

stimulated with FBS, and relative luciferase activity was

measured. In the absence of FBS, luciferase activity was

barely affected by exogenous Stat5A or Stat5B, but a

certain level of basal activity was observed. This was most

likely due to endogenous Stat5s or other Stat family

proteins (Fig. 1b, none). While stimulation with FBS

augmented luciferase activity, ectopic expression of Stat5A

or Stat5B further increased luciferase activity by 2.5- or

Fig. 1 Stat5 activates the PPARc2 promoter. a The sequence of

murine and human PPARc2 gene promoter was analyzed, and a

potential Stat5 binding site in the promoters is indicated by the closed
box (upper panel). Also is indicated a consensus Stat5 binding site.

Schematic representation of the reporter gene constructs containing a

wild-type Stat5 binding site (wild type), mutated Stat5 binding site

(mutated nucleotides are underlined) or no Stat5 binding site (deleted)

(lower panel). b Stat5 transactivates PPARc2 promoter via Stat5-

responsive element. Relative luciferase activity (firefly luciferase

activity/renilla luciferase activity) was determined with the reporter

constructs containing a Stat5 binding site, a mutated Stat5 binding site

or no Stat5 binding site. After serum starvation, cells were left

unstimulated or stimulated with FBS for 6 h. Results are expressed as

fold induction and represent the mean ± standard deviation of three

independent experiments. c Constitutively active Stat5A and Stat5B

activate the PPARc2 promoter in an FBS-independent manner. 3T3-

L1 cells were transfected with the PPARc2 reporter construct

containing a Stat5 binding site together with wild-type or constitu-

tively active Stat5 complementary DNA (cDNA) (Stat5A* or

Stat5B*). After starvation, cells were left unstimulated or stimulated

with 10% FBS for 6 h. Results are from three independent experi-

ments performed in triplicates
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3-fold, respectively (Fig. 1b, wild type, FBS). In sharp

contrast, mutation in the putative Stat5 binding site

severely compromised activity in response to FBS (Fig. 1b,

mutated). Furthermore, ablation of the putative Stat5

binding site virtually abolished promoter activity, regard-

less of stimulation (Fig. 1b, deleted). These results indicate

that Stat5 controls, at least partially, the activity of the

murine PPARc2 promoter, and is responsible for mediating

FBS-induced expression of PPARc2.

Several reports have shown that FBS is an essential

factor for adipogenesis, although its effector molecules in

FBS have not yet been identified. Our previous data sug-

gest that FBS plays a role in inducing PPARc2 in 3T3-L1

as well as NIH3T3 cells [13]. Since FBS enhanced

PPARc2 promoter activity via Stat5 binding site (Fig. 1b),

we hypothesized that constitutively active Stat5s might

obviate the FBS dependence of 3T3-L1 cells in adipocyte

differentiation. To explore this, we evaluated the effect of

constitutively active Stat5 (hereafter designated Stat5A* or

Stat5B*) on PPARc2 promoter activity. Intriguingly,

introduction of Stat5A* and to a lesser extent Stat5B*

resulted in further enhanced activity. In both cases, how-

ever, there was little difference in transcriptional activity

regardless of stimulation by FBS (Fig. 1c). These results

indicate that constitutively active Stat5 substitutes the

function of FBS for inducing PPARc2 in 3T3-L1 cells.

We then examined whether ectopic expression of

Stat5A* or Stat5B* culminated in promotion of 3T3-L1

cell adipogenesis in the absence of FBS. To this end,

Stat5A* or Stat5B* was introduced into 3T3-L1 cells by

retrovirus. After transduction, cells were induced to dif-

ferentiate in the presence of MIX, DEX, and insulin with

CS. As a control, cells harboring the empty vector were

subjected to an identical regimen. The effects of constitu-

tively active Stat5 were assessed by Northern blot analysis

for transcription factors relevant to adipogenesis, such as

C/EBPb, d, and a, PPARc, and SREBP1c (Fig. 2a). Both

Stat5A* and Stat5B* augmented C/EBPb mRNA, while

they had little impact on C/EBPd mRNA during adipo-

genesis (Fig. 2a). As for C/EBPa mRNA, neither Stat5A*

nor Stat5B* showed any significant effect until day 4.

However, both Stat5s maintained the high level of the

transcript up to day 10, whereas the empty vector failed to

do so. Stat5A* and Stat5B* led to an increment of

SREBP1c mRNA over the control, whilst the former

exhibited slightly stronger effects than the latter. The

impact of constitutively active Stat5 expression was most

pronounced in PPARc2 mRNA. Whereas the empty vector

alone barely induced PPARc2 mRNA, ectopic expression

of Stat5A* and Stat5B* markedly stimulated it from day 4

to 10 without any decline (Fig. 2a). Together, these results

demonstrated that constitutively active Stat5A and Stat5B

enhanced mRNA expression for proadipogenic factors such

as C/EBPb, SREBP1c, and PPARc2 in the absence of FBS

in 3T3-L1 cells.

We then investigated whether such an increase in

proadipogenic factors led to adipogenesis by biochemical

and morphological criteria. Several terminal markers for

adipocytes were assessed by Northern blot analysis at the

end of differentiation (Fig. 2b). Phosphoenolpyruvate car-

boxykinase (PEPCK) mRNA was slightly but significantly

elevated in cells harboring Stat5A* or Stat5B* over the

control (Fig. 2b). Stat5A* more strongly induced mRNA

Fig. 2 Constitutively active Stat5A and Stat5B promote expression

of proadipogenic factors. a Ectopic expression of constitutively active

Stat5s induces proadipogenic transcription factors. 3T3-L1 cells were

infected with control retrovirus vector (pLNCX2), vector harboring

constitutively active Stat5A (Stat5A*) or Stat5B (Stat5B*). After

G418 selection, cells were grown to confluence and subjected to the

adipogenic regimen as described in the ‘‘Materials and methods’’

section. Total RNA was extracted at the indicated time, and 2 lg of

each sample was subjected to Northern blot analysis with the

antisense riboprobes corresponding to the genes. Three independent

experiments were performed, and essentially identical results were

obtained. b Induction of adipogenic marker genes in cells transduced

with constitutively active Stat5s. Total RNA was isolated at 10 days

post differentiation induction and subjected to Northern blot analysis

with DIG-labeled riboprobes. Lane 1 cells transduced with the empty

vector, lane 2 cells harboring Stat5A*, lane 3 cells harboring

Stat5B*. c Increase of C/EBPa and PPARc proteins upon Stat5

transduction. Cells harboring empty vector, Stat5A* or Stat5B* were

subjected to the adipogenic regimen. Ten days later, cells were

harvested and cell lysates were prepared. After separation on SDS gel,

the proteins were visualized by the indicated antibodies using an ECL

system. For Stat5, position of Stat5A and Stat5B is depicted by arrow.

Lane 1 cells transduced with the empty vector, lanes 2 and 3 cells

harboring Stat5A* or Stat5B*, respectively
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for aP2, adiponectin, adipsin, leptin, and glucose trans-

porter 4 (Glut4) than did Stat5B* (Fig. 2b, lanes 1–3). It is

worth noting that preferential activation of adipsin and

Glut4 was also observed in NIH3T3 cells harboring Stat5A

[14]. Nevertheless, such a biased increment of the tran-

script for aP2 and PPARc2 in NIH3T3 cells was not evi-

dent in 3T3-L1 cells harboring Stat5A* (Fig. 2a, b).

Since PPARc2 and C/EBPa are critical factors for adi-

pogenesis, the correlation between ectopic expression of

Stat5 and resulting induction of such factors was evaluated

by Western blot analysis (Fig. 2c). Ectopic expression

of Stat5A* or Stat5B* proteins was evident (Fig. 2c,

lanes 1–3). While empty vector alone led to a low level

expression of PPARc2 and C/EBPa, ectopic expression of

Stat5A* or Stat5B* significantly increased these proteins.

Stat5A* was more potent than Stat5B* for inducing

C/EBPa (Fig. 2c, lanes 1–3). These results mirrored the

strong activity of Stat5A* in inducing mRNA for aP2,

adiponectin, adipsin, leptin, and Glut4.

Finally, adipogenesis was assessed by Oil-Red-O stain-

ing, which detects neutral lipids. While little staining was

observed in cells transduced with the empty vector, cells

harboring Stat5A* or Stat5B* showed substantial staining

and rounded-up morphology (Fig. 3, compare 1–3). These

results were in accordance with the simultaneous aug-

mentation of genes relevant to mature adipocytes such as

PPARc, adiponectin, aP2, and PEPCK (Fig. 2a, b).

Discussion

Adipogenic hormones MIX, a cAMP inducer, and DEX are

responsible for transcriptional induction of C/EBPb and

C/EBPd, respectively, at the early phase of adipocyte dif-

ferentiation [15]. Ectopic expression of these factors leads

to adipogenic conversion of NIH3T3 or 3T3-L1 cells by

inducing PPARc, which then results in execution of adi-

pogenesis [16, 17]. Conversely, ablation of these factors

severely compromised adipocyte differentiation [3]. Fur-

thermore, C/EBPb and d expression is a prerequisite for

C/EBPa induction [17]. Intriguingly, PPARc turns on

expression of C/EBPa. C/EBPa itself can bind to the

C/EBP site in the PPARc promoter, providing a stable,

positive forward regulatory loop [5]. In addition to the

above classical C/EBP–PPARc axis, several lines of evi-

dence have suggested that Stat5 may play an important role

in adipogenesis. Indeed, Stat5 is rapidly activated upon

adipogenic hormone challenge in 3T3-L1 preadipocytes.

Furthermore, overexpression of Stat5 results in promotion

of adipogenesis, whilst expression of dominant negative

Stat5 leads to inhibition of adipocyte differentiation.

Intriguingly, the level of Stat5A and Stat5B protein

increases as cells differentiate into adipocytes [8, 18].

Furthermore, FBS is a prerequisite for efficient induction of

PPARc mRNA in NIH3T3 as well as 3T3-L1 cells [13].

Thus, it is most likely that the requirement for FBS for

efficient adipogenesis correlates with the activity of Stat5.

In line with this hypothesis, prolactin and growth hormone,

both of which activate Stat5, are shown to promote adi-

pogenesis in the absence/presence of FBS in 3T3-L1 and

3T3-F422A cells, respectively [19–21]. In this regard, the

weak induction of PPARc and C/EBPa in adipogenesis at

both protein and mRNA levels most likely reflects the fact

that CS fails to activate Stat5s strongly with the control

vector (Fig. 2a, c). Although prolactin and growth hormone

are components of FBS, it is difficult to evaluate the rel-

ative contribution of these hormones to adipogenesis, as

identification of the factor(s) responsible for Stat5 activa-

tion in FBS has yet to be achieved. Intriguingly, it is

reported that only Stat5A but not Stat5B can confer the

adipogenic potential to the cells [14]. In this regard, our

present data indicating that constitutively active Stat5A as

well as Stat5B enhance expression of PPARc2, and to a

lesser extent C/EBPb, and promote adipogenesis without

affecting C/EBPd expression shed light on a novel adipo-

genic transcriptional cascade. Though both Stat5A and

Stat5B appear to control PPARc2 expression by interacting

with its promoter, it is yet to be examined how these Stat5s

impinge upon C/EBPb expression.

The difference between Stat5A and Stat5B in terms of

adipogenesis-enhancing potential indicates that they func-

tion differently in fat cell development (Fig. 2b). Our

observation that Stat5A is more potent in inducing adipo-

cyte genes such as PEPCK, aP2, adiponectin, adipsin,

leptin, and GLUT4 is in accordance with the previous

report that Stat5A can promote adipogenesis [14]. Since

Fig. 3 Impact of constitutively active Stat5 on triglyceride loading

(Oil-Red-O staining of neutral lipids). 3T3-L1 cells were differenti-

ated as described in Fig. 2. After 10 days, cells were stained with Oil-

Red-O to visualize triglyceride vesicles. Upper panel microscopic

view, lower panel macroscopic view. Lane 1 cells transduced with the

empty vector, lanes 2 and 3 cells harboring Stat5A* or Stat5B*,

respectively
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both Stat5A and Stat5B possess similar potential in

inducing PPARc2 and adipocyte differentiation as judged

by Western blot analysis and Oil-Red-O staining (Figs. 2c,

3), the target genes for each Stat5, which may be respon-

sible for optimal adipogenesis, are yet to be delineated.

Identification of such genes will shed light on the molec-

ular mechanism underlying the different adipogenic

potential between Stat5A and Stat5B and opens a novel

avenue for increasing our understanding of adipogenesis,

which ultimately may culminate in the development of

antiobesity drugs.

Conclusions

Both constitutively active Stat5A and Stat5B could func-

tionally bypass the FBS requirement for adipogenesis in

3T3-L1 cells. These Stat5s induced PPARc, a master reg-

ulator in adipogenesis, thus culminating execution of the

adipogenic program. Our present data suggest that com-

pounds that stimulate the Stat5–PPARc axis in adipocytes

may be beneficial for promoting adipogenesis, which in

turn increases fat storage in the body and alleviates meta-

bolic syndrome [22]. Thus, the search for such compounds

may open the door for future preventive medicines and

contribute to improved social welfare.

Acknowledgments The authors thank Helix Institute for supporting

the work.

Conflict of interest No conflict of interest.

References

1. Haslam DW, James WP. Obesity. Lancet. 2005;366:1197–209.

2. Hossain P, Kawar B, El Nahas M. Obesity and diabetes in the

developing world—a growing challenge. N Engl J Med. 2007;

356:213–5.

3. Rosen ED, Spiegelman BM. Molecular regulation of adipogen-

esis. Annu Rev Cell Dev Biol. 2000;16:145–71.

4. Rosen ED, Spiegelman BM. Adipocytes as regulators of energy

balance and glucose homeostasis. Nature. 2006;444:847–53.

5. Tontonoz P, Spiegelman BM. Fat and beyond: the diverse biol-

ogy of PPARgamma. Annu Rev Biochem. 2008;77:289–312.

6. Darnell JE Jr. STATs and gene regulation. Science. 1997;277:

1630–5.

7. Teglund S, McKay C, Schuetz E, van Deursen JM, Stravopodis

D, Wang D, et al. Stat5a and Stat5b proteins have essential and

nonessential, or redundant, roles in cytokine responses. Cell.

1998;93:841–50.

8. Nanbu-Wakao R, Morikawa Y, Matsumura I, Masuho Y, Mura-

matsu MA, Senba E, et al. Stimulation of 3T3-L1 adipogenesis by

signal transducer and activator of transcription 5. Mol Endocri-

nol. 2002;16:1565–76.

9. Onishi M, Nosaka T, Misawa K, Mui AL, Gorman D, McMahon

M, et al. Identification and characterization of a constitutively

active STAT5 mutant that promotes cell proliferation. Mol Cell

Biol. 1998;18:3871–9.

10. Tontonoz P, Hu E, Graves RA, Budavari AI, Spiegelman BM.

mPPAR gamma 2: tissue-specific regulator of an adipocyte

enhancer. Genes Dev. 1994;8:1224–34.

11. Shi XM, Blair HC, Yang X, McDonald JM, Cao X. Tandem

repeat of C/EBP binding sites mediates PPARgamma2 gene

transcription in glucocorticoid-induced adipocyte differentiation.

J Cell Biochem. 2000;76:518–27.

12. Gouilleux F, Wakao H, Mundt M, Groner B. Prolactin induces

phosphorylation of Tyr694 of Stat5 (MGF), a prerequisite for

DNA binding and induction of transcription. EMBO J. 1994;13:

4361–9.

13. Nanbu-Wakao R, Fujitani Y, Masuho Y, Muramatu M, Wakao H.

Prolactin enhances CCAAT enhancer-binding protein-beta (C/

EBP beta) and peroxisome proliferator-activated receptor gamma

(PPAR gamma) messenger RNA expression and stimulates adi-

pogenic conversion of NIH-3T3 cells. Mol Endocrinol. 2000;14:

307–16.

14. Floyd ZE, Stephens JM. STAT5A promotes adipogenesis in

nonprecursor cells and associates with the glucocorticoid receptor

during adipocyte differentiation. Diabetes. 2003;52:308–14.

15. Cao Z, Umek RM, McKnight SL. Regulated expression of three

C/EBP isoforms during adipose conversion of 3T3-L1 cells.

Genes Dev. 1991;5:1538–52.

16. Wu Z, Xie Y, Bucher NL, Farmer SR. Conditional ectopic

expression of C/EBP beta in NIH-3T3 cells induces PPAR

gamma and stimulates adipogenesis. Genes Dev. 1995;9:2

350–63.

17. Yeh WC, Cao Z, Classon M, McKnight SL. Cascade regulation

of terminal adipocyte differentiation by three members of the

C/EBP family of leucine zipper proteins. Genes Dev. 1995;9:

168–81.

18. Stephens JM, Morrison RF, Pilch PF. The expression and regu-

lation of STATs during 3T3-L1 adipocyte differentiation. J Biol

Chem. 1996;271:10441–4.

19. Shang CA, Waters MJ. Constitutively active signal transducer

and activator of transcription 5 can replace the requirement for

growth hormone in adipogenesis of 3T3-F442A preadipocytes.

Mol Endocrinol. 2003;17:2494–508.

20. Stewart WC, Baugh JE Jr, Floyd ZE, Stephens JM. STAT 5

activators can replace the requirement of FBS in the adipogenesis

of 3T3-L1 cells. Biochem Biophys Res Commun. 2004;324:

355–9.

21. Kawai M, Namba N, Mushiake S, Etani Y, Nishimura R, Maki-

shima M, et al. Growth hormone stimulates adipogenesis of 3T3-

L1 cells through activation of the Stat5A/5B-PPARgamma

pathway. J Mol Endocrinol. 2007;38:19–34.

22. Sugii S, Olson P, Sears DD, Saberi M, Atkins AR, Barish GD,

et al. PPARgamma activation in adipocytes is sufficient for sys-

temic insulin sensitization. Proc Natl Acad Sci USA. 2009;106:

22504–9.

252 Environ Health Prev Med (2011) 16:247–252

123


	Constitutively active Stat5A and Stat5B promote adipogenesis
	Abstract
	Objective
	Methods
	Results
	Conclusion

	Introduction
	Materials and methods
	Retrovirus-mediated gene transduction in 3T3-L1 cells
	Cell culture and induction of differentiation
	Transient transfection assay
	RNA preparation
	Western blot analysis

	Results
	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


