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In the early phase of adipocyte differentiation, tran-
ient increase of DNA synthesis, called clonal expan-
ion, and transient hyperphosphorylation of retino-
lastoma protein (Rb) are observed. We investigated
he role of these phenomena in insulin-induced adipo-
yte differentiation of 3T3-L1 cells. Insulin-induced
lonal expansion, Rb phosphorylation and adipocyte
ifferentiation were all inhibited by the PI 3-kinase

nhibitors and rapamycin, but not the MEK inhibitor,
hereas the MEK inhibitor, but not PI 3-kinase inhib-

tors or rapamycin, decreased c-fos induction. We con-
lude that insulin induces hyperphosphorylation of
b via PI 3-kinase and mTOR dependent pathway,
hich promotes clonal expansion and adipocyte dif-

erentiation of 3T3-L1 cells. © 2000 Academic Press

Key Words: clonal expansion; adipocyte differentia-
ion; retinoblastoma protein; mTOR; PI 3-kinase;
T3-L1 adipocyte; insulin.

Adipocyte differentiation of 3T3-L1 cells is induced
y various drugs and hormones, such as dexametha-
one (Dex), isobutyl methylxanthine (IBMX), thiazoli-
ine derivatives, thyroid hormone and insulin (1, 2).
efore the initiation of differentiation, 3T3-L1 cells
ave to be rendered confluent, withdraw from the cell
ycle and arrest in the G1 phase (3). In the early phase
f the differentiation process, the cells transiently re-
nter the cell cycle, resulting in a transient increase in
NA synthesis and several rounds of cell division. This
hase of differentiation, called mitotic clonal expan-
ion, was reported to be essential to complete the dif-
erentiation process (4, 5).

Abbreviations used: PI 3-kinase, phosphatidyl inositol 3-kinase;
TOR, mammalian target of rapamycin; Rb, retinoblastoma protein;

BMX, isobutyl methylxanthine.
1 To whom correspondence should be addressed. Fax: 181-76-434-

025. E-mail: tharuta-tym@umin.ac.jp.
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ts receptor, thereby activating intrinsic tyrosine ki-
ase activity of the receptor and stimulating tyrosine
hosphorylation of intracellular substrate proteins,
hich serve as adapter proteins to recruit various SH2

ontaining signaling molecules. Two major elements of
nsulin signaling pathway consist of PI 3-kinase and
as-MAP kinase pathways, which lead to pleiotropic
iological effects including adipocyte differentiation.
everal studies have examined the mechanism of

nsulin-induced adipocyte differentiation. For example,
omiyama et al. showed that wortmannin, an inhibitor
f PI 3-kinase, inhibits differentiation of 3T3-L1 cells
6). The importance of PI 3-kinase pathway was also
emonstrated by a study in which expression of domi-
ant negative mutants of PI 3-kinase inhibited adipo-
yte differentiation (7). Akt, a serine/threonine kinase
ownstream of PI 3-kinase, was also reported to be
mportant in adipocyte differentiation, since the ex-
ression of a constitutively active form of Akt caused
pontaneous differentiation of 3T3-L1 cells in the ab-
ence of insulin (8, 9). Yeh et al. reported that treat-
ent of 3T3-L1 cells with rapamycin, an inhibitor of
TOR signaling pathway, inhibited adipocyte differ-

ntiation and reduced the extent of clonal expansion as
ssessed by the increase of cell number (10).
Retinoblastoma protein (Rb) is a nuclear phospho-

rotein that negatively regulates growth by inhibiting
ell cycle at G1 phase. Rb exerts its growth-inhibitory
ffects in part by binding to and inhibiting critical
egulatory proteins including members of E2F family
f transcription factors. The activation of E2F is nec-
ssary for the G1-S transition and the expression of
arious growth-related genes (11, 12). Rb is hyperphos-
horylated by cyclin-Cdk complexes and becomes
nactive, thereby releasing E2F. Recently, Chen et al.
emonstrated that Rb is necessary for adipocyte differ-
ntiation (13). Rb is transiently hyperphosphorylated
n the early phase of adipocyte differentiation (3) and
he time course of Rb phosphorylation resembles that
0006-291X/00 $35.00
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of clonal expansion. These observations raise a possi-
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ility that clonal expansion is induced by the inactiva-
ion of Rb. However, the mechanism and the role of Rb
hosphorylation in clonal expansion and insulin-
nduced adipocyte differentiation are not well under-
tood.
In this study, we provide an evidence that insulin

nduces hyperphosphorylation of Rb via PI 3-kinase
nd mTOR dependent pathway, which appears to be
ssential for clonal expansion and adipocyte differen-
iation.

ATERIALS AND METHODS

Materials. A rabbit polyclonal anti-c-fos antibody was purchased
rom Santa Cruz Biotechnology (Santa Cruz, CA). A mouse anti-Rb
ntibody was from PharMingen (San Diego, CA). Bromodeoxyuridine
BrdU), an anti-BrdU antibody and Chemiluminescence reagents
ere obtained from Amersham Corp. (Arlington Heights, IL).
hodamine-conjugated anti-rabbit IgG and Fluorescein isothiocya-
ate (FITC)-conjugated anti-mouse IgG antibodies were obtained
rom Jackson Laboratories (West Grove, NY). PD98059 was from
ew England Biolabs, Inc. (Beverly, MA). LY294003, wortmannin
nd rapamycin were purchased from Sigma (St. Louis, MO). Elec-
rophoresis reagents were from Bio-Rad (Hercules, CA). All other
eagents were from standard suppliers.

Cell culture condition. 3T3-L1 cells were purchased from Amer-
can Type Culture Collection (ATCC) (Rockville, MD) and main-
ained in Dulbecco’s modified Eagle’s medium (DMEM; high glucose)
upplemented with 10% DCS (donor calf serum) in a 10% CO2 envi-
onment prior to differentiation protocol. Differentiation into adipo-
ytes were carried out as described previously (14) with some mod-
fications. Briefly, confluent monolayers of 3T3-L1 cells were
ncubated in differentiation medium, i.e., DMEM (high glucose) con-
aining various combinations of 500 mM 3-isobutyl-1-methylxanthine
IBMX), 0.4 mg/ml dexamethazone, and 5 mg/ml insulin for 2 days
serum was not changed during this period), followed by incubation
n DMEM with freshly added 10% FCS and 5 mg/ml insulin for 2
ays. Then, the medium was changed to DMEM with 10% FCS every
ther day until the cells were used for experiments.

Oil Red O staining. Nine days after the initiation of differentia-
ion, the rate of adipocyte differentiation was evaluated by lipid
taining with Oil Red O. 3T3-L1 cells on a coverslip were washed
ith PBS three times and fixed for 1 h in 10% formaldehyde. Oil Red
stock solution (0.5% Oil Red O in isopropanol) was diluted with

qual volume of distilled water and filtered, then added to the fixed
ells for 15 min. After washing with distilled water twice, the cells
ere mounted and observed under microscope.

BrdU incorporation assay. Twenty hours after the initiation of
ifferentiation, 3T3-L1 cells on a coverslip were incubated with BrdU
or 6 h at 37°C. The cells were fixed with 3.7% formaldehyde in PBS
or 20 min at 22°C. The fixed cells were permeabilized and blocked in
buffer containing 0.5% Nonidet P-40 and 5% BSA in PBS for 15 min
t 22°C. Then, the cells were incubated with rat polyclonal anti-
rdU antibody in a buffer containing 10 mM MgCl2 and deoxyribo-
uclease I for 1 h at 22°C. After rinsing twice with PBS, the cells
ere incubated with rhodamine-labeled donkey anti-rat IgG anti-
ody for 1 h at 22°C. The coverslips were mounted and the cells were
nalyzed with a Microphot-FXA fluorescence microscope (Nikon, To-
yo, Japan).

c-fos induction assay. Ninety min after the initiation of differen-
iation, 3T3-L1 cells on a coverslip were fixed with 3.7% formalde-
yde in PBS for 15 min at 22°C. The fixed cells were permeabilized

n a buffer containing 0.3% Triton X-100 in PBS and blocked in a
116
t 22°C. Then, the cells were incubated with rabbit polyclonal anti-
-fos antibody for 1 h at 37°C. After rinsing twice with PBS, the cells
ere incubated with FITC-labeled donkey anti-rat IgG antibody for
h at 37°C. After washing with PBS twice and distilled water once,

he coverslips were mounted and the cells were analyzed with a
icrophot-FXA fluorescence microscope (Nikon, Tokyo, Japan).

Western blotting. Before or after the initiating of adipocyte dif-
erentiation, the cells were lysed in the solubilizing buffer containing
0 mM Tris, 150 mM NaCl, 10 mM EDTA, 0.5% sodium deoxy-
holate, 1% Nonidet-P40, 0.1% SDS, 1 mM phenylmethylsulfonyl
uoride (PMSF), 0.1 mM aprotinin, 0.5 mg/ml leupeptin, 1 mM
a3VO4, 160 mM NaF, pH 7.4, and incubated for 15 min on ice. The

ell lysates were centrifuged at 4°C for 10 min to remove the insol-
ble materials and the supernatants were boiled with Laemmli
ample buffer. The cell lysates were electrophoresed on 7.5% SDS–
AGE and transferred onto polyvinylidene difluoride membrane in
he Trans-Blot cell apparatus (Bio-Rad). The membranes were im-
unoblotted with anti-Rb antibody, and subsequently with horse-

adish peroxidase-conjugated anti-mouse antibody. The proteins
ere visualized with chemiluminescence reagents according to the
anufacturer’s protocol (Amersham).

ESULTS

dipocyte Differentiation Is Inhibited by the PI 3-
Kinase Inhibitors and Rapamycin, but Not the
MEK Inhibitor

To evaluate which component of insulin signaling
athway is important for the insulin-induced adipocyte
ifferentiation, we first examined the effects of the
harmacological inhibitors for insulin signaling mole-
ules, i.e., wortmannin and LY294003, (PI 3-kinase
nhibitors), rapamycin, (an inhibitor of mTOR-p70 S6
inase pathway) and PD98059, (a MEK I inhibitor) on
dipocyte differentiation rate as assessed by Oil Red O
taining of the cells (Fig. 1). Treatment of the cells with
ither insulin alone or IBMX 1 Dex alone stimulated
ifferentiation of only a small percentage of the cells.
Fig. 1). However, when IBMX 1 Dex was present,
ddition of insulin markedly increased the rate of adi-
ocyte conversion to more than 95% (Fig. 1). PI
-kinase inhibitors or rapamycin inhibited the insulin-
timulated adipocyte differentiation in a dose-
ependent manner, whereas the MEK inhibitor had no
ffect.

lonal Expansion Is Inhibited by the PI 3-Kinase
Inhibitors and Rapamycin, but Not the MEK
Inhibitor

To explore the relationship between the clonal ex-
ansion and adipocyte differentiation stimulated by
nsulin, we examined DNA synthesis as assessed by
rdU incorporation of the cells by immunostaining at
4 h after the induction of differentiation (Fig. 2). Only
few cells (3%) exhibited BrdU incorporation in the

bsence of adipogenic stimuli. Treatment with insulin
lone stimulated BrdU incorporation of 21% of the
ells, whereas treatment with IBMX 1 Dex alone re-
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ulted in BrdU incorporation of only 6% of the cells.
hen IBMX 1 Dex was present, addition of insulin

ignificantly increased the number of the cells that
ncorporated BrdU (57%) (Fig. 2). BrdU incorporation
as inhibited by both of the PI 3-kinase inhibitors

wortmannin and LY294003) in a dose-dependent
anner. Rapamycin also inhibited BrdU incorporation

n a dose-dependent manner. However, the inhibitory
ffect of rapamycin at the maximal concentration was
artial (46.3%). On the other hand, the MEK inhibitor
id not significantly affect BrdU incorporation.

-fos Induction Is Inhibited by the MEK Inhibitor, but
Not the PI 3-Kinase Inhibitors or Rapamycin

Insulin is known to induce c-fos protein in the im-
ediately early phase of its mitogenic process after the

ctivation of MEK/MAPK (15, 16). We examined
hether adipocyte differentiation and the clonal ex-
ansion are also related with the induction of c-fos
rotein. The induction of c-fos protein was evaluated by
mmunostaining with anti-c-fos antibody at 90 min
fter the induction of differentiation (Fig. 3). In the
bsence of adipogenic stimuli, only 11% of the cells
xhibited staining of c-fos in the nuclei. Treatment
ith insulin alone resulted in positive c-fos staining in
9% of the cells. IBMX 1 Dex alone induced c-fos

FIG. 1. Adipocyte differentiation is inhibited by the PI 3-kinase
nhibitors and rapamycin, but not the MEK inhibitor. Adipocyte
ifferentiation of 3T3-L1 cell was enhanced by the indicated combi-
ation of insulin and IBMX 1 dexamethazone. When differentiation
as enhanced by insulin 1 IBMX 1 dexamethazone, the effects of
retreatment with wortmannin (lanes 5–7), LY294003 (lanes 8–10),
apamycin (lanes 11–13), or PD98059 (lanes 14–16) were examined.
hese chemical inhibitors were added to the cells 15 min before the

nitiation of differentiation. The rate of adipocyte differentiation was
orphologically evaluated on day 9 by staining the lipid droplets in

he cells with Oil Red O and counting the number of the cells which
learly accumulated lipid droplets. The results were shown as
ean 6 SE of three independent experiments.
117
f the cells positive for c-fos. When, differentiation was
nduced by insulin 1 IBMX 1 Dex, neither PI 3-kinase
nhibitors nor rapamycin affected c-fos induction,
hereas the MEK inhibitor inhibited it in a dose-
ependent manner.

hosphorylation of Rb Is Inhibited by the PI 3-Kinase
Inhibitors and Rapamycin, but Not the MEK
Inhibitor

Retinoblastoma protein (Rb) is a tumor suppresser
rotein, which inhibits cell proliferation by controlling
rogression through the restriction point within the G1
hase to S phase of the cell cycle. Several studies have
ecently reported that Rb is required for adipocyte
ifferentiation (13). Therefore to evaluate the role of
b in the insulin-stimulated adipogenesis, we exam-

ned the effect of inhibitors for insulin signaling mole-
ules on the phosphorylation status of Rb at 24 h after
nduction of differentiation (Fig. 4). Prior to the initia-
ion of differentiation, most of Rb was hypophosphor-
lated as seen as a single band. At 24 h after initiation
f differentiation with insulin 1 IBMX 1 Dex, hyper-
hosphorylated form of Rb appeared as a mobility shift
n the gel. When the cells were treated with IBMX 1
ex alone, Rb remained hypophosphorylated. When
ifferentiation was induced by insulin 1 IBMX 1 Dex,

FIG. 2. DNA synthesis on day 1 is inhibited by the PI 3-kinase
nhibitors and rapamycin, but not the MEK inhibitor. 3T3-L1 cells
ere stimulated with the indicated combination of insulin and

BMX 1 dexamethazone. When the cells were stimulated with insu-
in 1 IBMX 1 dexamethazone, the effects of pretreatment with
ortmannin (lanes 5–7), LY294003 (lanes 8–10), rapamycin (lanes
1–13), or PD98059 (lanes 14–16) were examined. These chemical
nhibitors were added to the cells 15 min before the stimulation with
nsulin 1 IBMX 1 dexamethazone. Twenty-four hours after the
timulation, DNA synthesis was assessed by BrdU incorporation into
he cells as described under Materials and Methods. The results
ere shown as mean 6 SE of three independent experiments.
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retreatment with wortmannin, LY294003 or rapamy-
in inhibited hyperphosphorylation of Rb. In contrast,
he MEK inhibitor did not prevent appearance of hy-
erphosphorylated form of Rb.

ISCUSSION

In the current study, we showed that adipocyte dif-
erentiation, clonal expansion and phosphorylation of
b were stimulated only in the presence of insulin and
ere inhibited by PI 3-kinase inhibitors or rapamycin,

.e., they were all dependent on the same insulin sig-
aling pathway. These findings suggest a novel mech-
nism of insulin-induced adipocyte differentiation that
nsulin stimulates Rb phosphorylation via the activa-
ion of PI 3-kinase and mTOR, resulting in the adipo-
yte differentiation through clonal expansion in
T3-L1 cells.
Several recent studies have demonstrated that Rb is

mportant for differentiation of certain cell types in-
luding adipocytes (3, 13, 17– 19). The results of Rb-
nock-out mouse suggest that the existence of Rb is
ecessary for the cells to complete adipocyte differen-
iation. Although Rb is reported to stimulate adipocyte
ifferentiation by binding directly to C/EBPb and en-
ancing its transcriptional activity (13), little is known
bout the role of Rb during the differentiation process.
he role of Rb as a tumor suppressor gene product is to

FIG. 3. c-fos induction is inhibited by the MEK inhibitor, but not
he PI 3-kinase inhibitors or rapamycin. 3T3-L1 cells were stimu-
ated with the indicated combination of insulin and IBMX 1 dexa-

ethazone. When the cells were stimulated with insulin 1 IBMX 1
examethazone, they were pretreated with wortmannin (lanes 5–7),
Y294003 (lanes 8–10), rapamycin (lanes 11–13), or PD98059 (lanes
4–16). The chemical inhibitors were added to the cells 15 min before
he stimulation with insulin 1 IBMX 1 dexamethazone. Ninety
inutes after the adipogenic stimulation, c-fos induction was eval-
ated by immunostaining as described under Materials and Meth-
ds. The results were shown as mean 6 SE of three independent
xperiments.
118
f Rb inactivates its function and leads to progression
f the cell cycle. Recently, it has been demonstrated
hat Rb is important for the clonal expansion observed
n the process of adipocyte differentiation (13, 17–19).

e observed that the time course of BrdU incorpora-
ion and Rb phosphorylation was coincident with each
ther (data not shown), and that they were dependent
n the activation of the same insulin signals. These
esults also suggest that Rb phosphorylation plays an
mportant role for the stimulation of clonal expansion.
urthermore, clonal expansion has been reported to be
n essential process to complete adipocyte differentia-
ion (4, 5, 10, 19, 20). In this study, full differentiation
as observed only when insulin stimulated BrdU in-

orporation, and it was suppressed when PI 3-kinase
nhibitors or rapamycin inhibited BrdU incorporation.
herefore, these results supports the importance of
lonal expansion in adipocyte differentiation. Taken
ogether, we may suggest it is one of the indispensable
rocesses for the differentiation of 3T3-L1 cells that Rb
xists and is phosphorylated by insulin resulting in the
timulation of clonal expansion.
Insulin is known to be one of the factors that stim-

late differentiation into adipocytes (1, 2, 21). Studies

FIG. 4. Rb phosphorylation is inhibited by the PI 3-kinase inhib-
tors and rapamycin, but not the MEK inhibitor. Adipocyte differen-
iation was enhanced by IBMX 1 dexamethazone in the presence
control) or absence of insulin (insulin (2)). When differentiation was
nhanced by insulin 1 IBMX 1 dexamethazone, the cells were
retreated with wortmannin (WM), LY294003 (LY), rapamycin
rapa) or PD98059 (PD). These chemical inhibitors were added to the
ells 15 min before the initiation of differentiation. Twenty-four
ours after the stimulation, samples were prepared and analyzed by
estern blotting with anti-Rb antibody as described under Materials

nd Methods. Hyperphosphorylated and hypophosphorylated forms
f Rb are shown as p-Rb and Rb, respectively. Representative films
re shown.
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re necessary for adipocyte differentiation, and the
mportance of PI 3-kinase (6–9, 22, 23), Akt (8, 9), and

TOR (10), have been reported. One study demon-
trated that PI 3-kinase activation was important for
he translation of adipocyte-specific genes through
hich differentiation was promoted (7). Since the

ranslation of adipocyte-specific genes does not occur
mmediately after the initiation of differentiation and
nsulin is not present in the media during the period
hen such genes are translated, these results indicate

he importance of PI 3-kinase activation in the rela-
ively later phase of differentiation which is indepen-
ent of insulin stimulation. However, in our current
tudy, adipocyte differentiation was induced only in
he presence of insulin and it was inhibited by PI
-kinase inhibitors or rapamycin when they were
dded for the initial 4 days of adipocyte differentiation.
heir inhibitory effects on adipocyte differentiation
ere not observed when inhibitors were added after

he day 4 (data not shown). Therefore, our current
tudy demonstrates the importance of PI 3-kinase and
TOR which are activated just after the initiation of

ifferentiation induced by insulin. One study demon-
trated the role of PI 3-kinase which was activated
mmediately after the initiation of adipocyte differen-
iation induced by IGF-1 (23). They showed that the
ranscription of adipocyte-specific genes was stimu-
ated in a PI 3-kinase-dependent manner in the pri-

ary cultures of brown adipocytes. However, in con-
rast to our results, they showed that PI 3-kinase
nhibitors do not inhibit IGF-1-induced DNA synthesis
r cell cycle progression. Therefore, the role of PI
-kinase in adipocyte differentiation may be different
epending on the cell types.
Rb is phosphorylated by an active complex of cyclin-

ependent protein kinase (Cdk) such as Cdk4 and
dk6 and G1 cyclins such as cyclin D1 and cyclin D2.
kt, a serine/threonine kinase regulated by PI
-kinase was reported to enhance the translation of
yclin D mRNA (24). Akt also regulates mTOR (25, 26),
hich in turn regulates the release of eIF4E by phos-
horylation of 4EBP-1, which is also essential for the
ranslation of cyclin D mRNA (27, 28). Therefore, the
nhibition of Rb phosphorylation by the PI 3-kinase
nhibitors and rapamycin may be at least in part
hrough inhibition of translation of cyclin D mRNA by
he inactivation of Akt and/or mTOR. Rb phosphoryla-
ion may also be controlled by the degradation of a
yclin-dependent kinase inhibitor, as a recent report
ndicated that the degradation of p27 by calpain regu-
ates Rb phosphorylation, clonal expansion and adipo-
yte differentiation (19). This finding supports the no-
ion that Rb phosphorylation plays a key role in clonal
xpansion and adipocyte differentiation.
119
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