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In 3T3-L1 fibroblasts, Ras proteins mediate both insulin-induced differentiation to adipocytes and its acti-
vation of cytosolic serine/threonine kinases, including Raf-1 kinase, mitogen-activated protein kinase (MAPK),
and Rsk. Here, we report that insulin- and Ras-induced activation of MAPK is not required for the differen-
tiation process and in fact antagonizes it. The treatment of 3T3-L1 preadipocytes with MEK-specific inhibitor
PD98059 blocked insulin- and Ras-induced MAPK activation but had no effect on or slightly enhanced adipo-
cytic differentiation. Tumor necrosis factor alpha (TNF-a), an inhibitor of insulin-stimulated adipogenesis,
activated MAPK in 3T3-L1 cells. PD98059 treatment blocked MAPK activation by TNF-a and reversed the
blockade of adipogenesis mediated by low (1 ng/ml) TNF-a concentrations. 3T3-L1 transfectants containing
hyperactivated MEK1 or overexpressed MAPK displayed impaired adipocytic differentiation. PD98059 treat-
ment also reversed the blockade of differentiation in MEK1 transfectants. These results indicate that MAPK
does not promote but can contribute to inhibition of the process of adipocytic differentiation of 3T3-L1 cells.

Adipocytic differentiation is a complex process regulated by
many hormones, growth factors, and cytokines. Whereas some
of those signals stimulate differentiation to adipocytes, others
inhibit this event (13, 20), presumably based on the ability to
ultimately alter gene expression. Preadipocytic cell lines, such
as 3T3-L1, undergo differentiation after continuous exposure
to pharmacological doses of insulin or physiologic doses of
insulin-like growth factor 1 and are additionally induced by
glucocorticoids and fatty acids (27, 37, 41, 43). In contrast,
tumor necrosis factor alpha (TNF-a), a cytokine secreted by
macrophages and adipose tissue, inhibits adipocytic differen-
tiation (44, 45). However, the mechanisms that mediate the
actions of insulin and other ligands on differentiation have yet
to be clearly defined.

We demonstrated previously that overexpression of Ras in-
duces adipocytic differentiation of 3T3-L1 cells (3, 34), impli-
cating Ras proteins as obligatory signaling intermediates in
insulin-stimulated differentiation pathways. Our prior studies
also showed that Ras proteins are necessary and sufficient for
insulin activation of the cytosolic kinases Raf-1, mitogen-acti-
vated protein kinase (MAPK), and Rsk (35, 36); furthermore,
Raf-1 participates downstream of Ras in the signaling cascade
resulting in adipocytic differentiation. However, in contrast to
its role in proliferating cells (39, 51, 54), Raf-1 kinase activa-
tion in differentiating 3T3-L1 cells is completely dissociated
from activation of MAPK by insulin (35, 36), suggesting that at
least two separate signals emerge from Ras after insulin stim-
ulation, regulating either growth or differentiation depending
on the state of the cell or the presence of other environmental
factors. Dissociation between Raf-1 kinase and MAPK has also
previously been described for other cell types (15, 39, 55–57).

To further define the role(s) of divergent signals emanating
from Ras in mediating the differentiation process, we exam-
ined the consequences of blocking or enhancing specific com-

ponents of the MEK/MAPK signaling pathway in differentiat-
ing 3T3-L1 cells. For this purpose, we used a variety of distinct,
separate experimental approaches, including treatment with
specific inhibitors of MEK activity and insulin-induced differ-
entiation and transfection with specific forms of MEK and Erk.
In sharp contrast to the conclusion of a previous report based
on antisense technology (42), our results indicate that MAPK
activation is not a component of the signaling cascade which
mediates adipogenesis and that MAPK in fact opposes such as
differentiation process.

MATERIALS AND METHODS

Cell culture and drug treatment. The 3T3-L1 preadipocyte cell line was kindly
provided by C. S. Rubin (Department of Molecular Pharmacology, Atran Lab-
oratories, Albert Einstein College of Medicine, New York, N.Y.). PD98059 is
commercially available from New England Biolabs, Inc., Beverly, Mass., and has
previously been shown to inhibit specifically MEK1 activation and MEK2 acti-
vation to a lesser extent (2, 12, 25, 32). Stock solutions (20 mM) of PD98059 were
prepared in dimethyl sulfoxide (DMSO). Recombinant human TNF-a was pur-
chased from Boehringer Mannheim.

Cells serum starved for 15 h were treated with PD98059 for 2 h prior to
stimulation with 5 mM insulin or 1 ng of TNF-a per ml. In experiments with both
PD98059 and TNF-a, cells were treated with 50 mM PD98059 for 2 h (or an
equal volume of DMSO in controls), followed by the addition of 1 ng of TNF-a
per ml for 1 h, before the induction of differentiation. The culture medium was
changed every 2 days, and new PD98059 and TNF-a were added as indicated.

Adipocytic differentiation and lipid vesicle staining. Confluent 3T3-L1 cul-
tures were induced to differentiate into adipocytes by the standard protocol (1,
40, 43). Fat staining with Oil Red O (Sigma, St. Louis, Mo.) was performed as
previously described (30, 33). Briefly, cells were washed carefully with phos-
phate-buffered saline (PBS) and fixed for 5 min with 10% formalin solution. Cells
were washed again with PBS before an extemporaneous solution of Oil Red O
(60:40 [vol/vol] in water) was added for 20 min (from 0.2% stock solution in
isopropanol). Preparations were washed three times with PBS, and hematoxylin
was added for 5 min to provide contrast stain. Photographs were taken under a
bright field in a Zeiss Anxiovert 405M microscope.

3T3-L1 transfection. Transfections of 3T3-L1 cells were performed by the
calcium phosphate protocol with a Stratagene mammalian transfection kit.
Transfectants were selected, as appropriate, in the presence of geneticin (750
mg/ml) (MAPK clones) or hygromycin (50 mg/ml) (MEK and R4F clones).

Immunoprecipitation and immune complex kinase assays. Cells were lysed in
a buffer containing 20 mM HEPES buffer (pH 7.5), 10 mM EGTA, 40 mM
b-glycerophosphate, 1% Nonidet P-40, 2.5 mM MgCl2, 2 mM orthovanadate, 1
mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride, 10 mg of apro-
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tinin per ml, and 10 mg of leupeptin per ml. After centrifugation at 15,000 3 g
for 20 min at 4°C, supernatants were recovered.

For MAPK assays, lysates containing 1 mg of total protein were immunopre-
cipitated with 0.5 mg of anti-Erk2 (C14) antibody (sc-154; Santa Cruz Biotech-
nology, Inc.) or with anti-hemagglutinin (HA) antibody (clone 12CA5; Boehr-
inger Mannheim). Immunoprecipitates were washed three times with lysis buffer,
once with 0.5 M LiCl–100 mM Tris-HCl (pH 7.5), and once with MAPK assay
buffer (12.5 mM MOPS [morpholinepropanesulfonic acid] [pH 7.5], 12.5 mM
b-glycerophosphate, 7.5 mM MgCl2, 0.5 mM EGTA, 0.5 mM NaF, 0.5 mM
orthovanadate). Finally, they were resuspended in 30 ml of MAPK assay buffer
containing 1 mCi of [g-32P]ATP, 20 mM cold ATP, 3.3 mM DTT, and 1.5 mg of
myelin basic protein (MBP) (M-1891; Sigma) per ml. After 20 min at 30°C, the
reaction was stopped by adding 10 ml of 53 Laemmli buffer and heating at 95°C
for 5 min. Samples were analyzed by gradient sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE).

For MEK assays, lysates (1 mg of total protein) from transfectants expressing
tagged HA-MEK1 or HA-R4F were immunoprecipitated with 0.5 mg of anti-HA
antibody (Boehringer Mannheim). Immunoprecipitates were washed three times
with lysis buffer, once with 0.5 M LiCl–100 mM Tris-HCl (pH 7.5), and once with
MEK assay buffer (10 mM HEPES [pH 7.4], 10 mM MgCl2, 1 mM DTT) and
were resuspended finally in 25 ml of MEK buffer containing 3 mCi of [g-32P]ATP,
100 mM cold ATP, and 1 mg of recombinant protein Erk2(K52R) (29). After
incubation at 30°C for 20 min, reactions were stopped with 10 ml of 53 Laemmli
buffer. Samples were analyzed by SDS-PAGE (10 to 18% gradient). Gels were
dried and exposed for autoradiography.

JNK activity assays with cell lysates were performed essentially as previously
described (8) with a suspension of glutathione agarose beads bound to bacterially
expressed glutathione S-transferase (GST)–c-Jun (69K) protein as the substrate.
Samples were electrophoresed on SDS–10% PAGE gels for analysis.

Phosphatidylinositol 3-kinase (PI3K) activity was measured as described pre-
viously (38, 52). Essentially, antiphosphotyrosine immunoprecipitates obtained
with mouse monoclonal antibodies (SC-508; Santa Cruz Biotechnology, Inc.)
were washed and incubated with PI in the presence of 10 mCi of [g-32P]ATP and
40 mM cold ATP. After organic extraction, samples were applied to silica gel
thin-layer chromatography plates (Merck), and the chromatography was devel-
oped and visualized by autoradiography.

Immunoblotting. After SDS-PAGE, proteins were transferred to Immo-
bilon-P membranes (Millipore, Bedford, Mass.) and blotted with the indicated
antibodies. Anti-MAPK antibody (erk1-CT; Upstate Biotechnology Inc.) was
used to detect Erk1 and Erk2 isoforms. Anti-MEK1 antibody (Transduction
Laboratories) was used for transfectants with tagged HA-MEK or HA-R4F after
immunoprecipitation with anti-HA antibody.

Northern analysis. Total RNA was prepared with Rnazol B (TEL-TEST, Inc.,
Friendswood, Tex.). Total RNA (15 mg per sample) was resolved on 1.2%
agarose gels and transferred to Nylon membranes (Nytran Plus; Schleicher &
Schuell, Inc., Keene, N.H.) before hybridization under maximal stringency (35)
with 32P-labeled probes prepared with a commercial random-primer kit (Prime-
It; Stratagene, La Jolla, Calif.).

RESULTS

MEK inhibitor PD98059 blocks insulin-induced MAPK ac-
tivation but does not block insulin-induced adipogenesis. Ras
and Raf-1 are mediators of insulin-induced differentiation in
3T3-L1 cells, but activation of Raf-1 kinase and activation of
the MAPK cascade are dissociated in these cells (3, 34–36). To
determine whether MAPK activation plays a role in differen-
tiation, we examined the consequences of blocking or enhanc-
ing specific components of the MEK/MAPK signaling pathway
in differentiating 3T3-L1 cells.

Preadipocytes were treated with MEK inhibitor PD98059 (2,
12, 25, 32), which displays a higher specificity for MEK1 than
for MEK2. MEK is a dual-specificity kinase responsible for
phosphorylation of MAPK, thus leading to its activation. Pre-
treatment of 3T3-L1 cells with PD98059 effectively blocked the
activation of MAPK by insulin (Fig. 1). However, when the
same insulin-treated cells were subjected to the differentiation
protocol (1, 40, 43), a significant increase in differentiation was
observed, based on the mRNA levels of differentiation marker
aP2 (Fig. 2A) and on the morphology of cells, displaying ac-
cumulation of lipid vesicles (Fig. 2B, panels panels a and b). To
test that this lack of negative effect on differentiation was not
a consequence of MEK inhibitor inactivation during medium-
changing intervals (every 2 days), we applied inhibitor-condi-
tioned medium to freshly growing cells and confirmed that its

ability to inhibit MAPK activation was similar to that of a
freshly prepared dilution of the MEK inhibitor (Fig. 1), dem-
onstrating that this inhibitor compound remained active during
the incubation period required for differentiation and thus
confirming that the MAPK cascade was also blocked through-
out this period. These results indicate that MAPK activation is
not required for insulin-mediated adipocyte differentiation.

MEK inhibitor PD98059 blocks TNF-a-induced MAPK ac-
tivation and reverses the TNF-a-mediated blockade of adipo-
genesis. Experiments with TNF-a, a known inhibitor of adipo-
cytic differentiation, allowed further analysis of the role of
MAPK in the differentiation process. We observed that pre-
treatment of 3T3-L1 preadipocytes with PD98059 resulted in a
blockade of the MAPK activation induced by TNF-a (Fig. 1).
Furthermore, this inhibition of MAPK appeared to facilitate
adipogenesis. Pretreatment of 3T3-L1 fibroblasts with a low
dose (1 ng/ml) of TNF-a prior to induction of differentiation
with insulin inhibited significantly the ability of cells to undergo
adipogenesis, as determined by the amount of aP2 marker
transcribed (less than 50%; Fig. 2A). Morphological analysis
by staining with Oil Red O confirmed that cells treated with
TNF-a were highly blocked in their ability to form lipid vesicles
and retained the morphology of undifferentiated cells (Fig. 2B,
panel c), in contrast to the results for non-TNF-a-treated cells
(Fig. 2B, panel a). Interestingly, the MEK inhibitor was able to
partially restore the differentiation capacity in TNF-a-treated
cells at a low concentration (1 ng/ml; Fig. 2A and B, panel d),
supporting the hypothesis that activation of MAPK counters
the differentiation process in 3T3-L1 cells.

Using a higher concentration of TNF-a (10 ng/ml) resulted
not only in higher levels of MAPK activation but also in the
inability of MEK inhibitor PD98059 to overcome the inhibitory
effect of TNF-a on differentiation (not shown), indicating that
this agonist activates signaling pathways in addition to the

FIG. 1. PD98059 inhibits MAPK activation by insulin or TNF-a. Subconflu-
ent 3T3-L1 cells, serum starved for 15 h, were treated for 2 h with 50 mM
PD98059 (2, 12, 25, 32), dissolved in DMSO. An equal volume of DMSO was
added to controls (2). Cultures received no treatment (C) or either 5 mM insulin
for 5 min (I) or TNF-a (1 ng/ml) for 10 min. Cell lysates were assayed for MAPK
activity (see Materials and Methods). Differences in phosphorylated MBP were
quantified by PhosphorImager analysis. Data in the histogram are averages from
four experiments, where the standard deviation (SD) was always #20%.
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MEK1/MAPK signaling pathway to produce its overall inhib-
itory effect.

Insulin and TNF-a can equally activate MAPK, but they
exert opposing effects on adipocytic differentiation. The fact
that MAPK activation alone cannot fully account for the stim-
ulation and inhibition of differentiation produced by insulin
and TNF-a, respectively, is further underscored by the variety
of signaling pathways specifically activated by either agonist.
For example, we observed that TNF-a treatment of 3T3-L1
preadipocytes potently activated the endogenous JNK activity
of 3T3-L1 cells, in contrast to insulin, which had little or no
effect (Fig. 3A). In contrast, insulin activated significantly the
endogenous PI3K activity of these cells, whereas TNF-a did
not (Fig. 3B).

Our observations are consistent with other reports (14, 28,
48) which suggest that PI3K activation is an essential step in
the mechanism of insulin-induced differentiation. In contrast
to insulin, TNF-a did not activate PI3K but activated JNK (Fig.

3). TNF-a is important in animal models of obesity and insulin
resistance because of its ability to decrease the tyrosine kinase
activity of the insulin receptor and tyrosine phosphorylation of
IRS-1 in certain cell types (23). Our observations regarding the
activation of MAPK by TNF-a in 3T3-L1 cells and the con-
comitant block of adipogenesis suggest an additional mecha-
nism by which TNF-a interferes with insulin signaling. In any
event, the differential signaling events activated by insulin and
TNF-a indicate that pathways other than the MAPK pathway
are essential for the global actions triggered by these two
agonists in 3T3-L1 cells.

MEK inhibitor PD98059 blocks Ras-dependent MAPK ac-
tivation but does not block Ras-induced adipogenesis. We next
used the 3T3-L1 transfectant cell line AP 1.2.9 (34, 35), which
contains a dexamethasone (Dx)-inducible ras oncogene, to fur-
ther analyze the effects of inhibitor PD98059 on adipocyte
differentiation. As a consequence of Dx-induced N-rasLys61

expression, MAPK was quickly activated in these cells (Fig.

FIG. 2. PD98059 does not block insulin-induced differentiation and restores
TNF-a-blocked differentiation. (A) Confluent 3T3-L1 preadipocytes were
treated for 2 h with 50 mM PD98059 (1) or with an equal amount of DMSO (2),
followed by treatment with 1 ng of TNF-a per ml (as indicated) for 1 h before
initiating the differentiation protocol (1, 40, 43). At the indicated times, total
RNA was analyzed by Northern blotting with an aP2 probe as a marker of
adipocytic differentiation (35). The same membrane was washed and reprobed
with b-microglobulin to normalize the amount of RNA loaded on the gel. The
level of differentiation was estimated in each case by normalizing the amount of
aP2 transcribed in relation to that of b2-microglobulin and representing the
aP2/b2-microglobulin (aP1/b2-M) ratio graphically. The histogram depicts the
results from a representative experiment. In each case, the SD was #16%.
Similar results were observed in three experiments. (B) Oil Reed O staining (30,
33) of 3T3-L1 cells differentiated for 6 days. Confluent cells were initially treated
for 2 h with 50 mM PD98059 (b and d) or with an equal volume of DMSO alone
(a and c), followed by stimulation with TNF-a (1 ng/ml) for 1 h (c and d). Cells
were induced to differentiate to adipocytes by the standard protocol. The culture
medium was changed every 2 days. PD98059 and TNF-a (in the order indicated)
were freshly added with every medium change. After 6 days, cells were stained
with Oil Red O to visualize lipid accumulation. Hematoxylin was used for
contrast staining. Notice the lack of lipid staining in cells from cultures treated
with TNF-a in the absence of PD98059 (c), which retain preadipocytic-cell
morphology, correlating with lower transcription levels of adipocyte-specific
markers (aP2 [panel A] and GLUT4, FABP 422, LPL [46]).
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4A). Cells treated with Dx alone contained activated MAPK.
In contrast, MAPK was significantly inhibited in cells pre-
treated with MEK inhibitor PD98059 prior to Dx exposure
(Fig. 4A). Moreover, after 48 h of treatment with Dx and
PD98059, cells expressing N-rasLys61 (and thus containing ac-
tivated MAPK) were as highly differentiated as were control
cells receiving only Dx (Fig. 4B), demonstrating that differen-
tiation to adipocytes proceeds in the presence or absence of
MAPK activity. These results complement the results de-
scribed above for insulin-induced differentiation and provide
further evidence that Ras mediates differentiation indepen-
dently of MAPK.

Expression of hyperactive MEK1 impairs differentiation. To
assess the effects of enhancing the MEK/MAPK pathway on
adipocytic differentiation, we prepared several clones express-
ing either HA-tagged hyperactivated MEK1 [R4F; D(32-51)/
S218E/S222D], previously shown to be transforming in NIH
3T3 cells (29), or wild-type MEK1 (Fig. 5A). The presence of
the HA tag in transfected proteins allowed us to discriminate
recombinant protein from endogenous protein by immunopre-
cipitation with anti-HA antibodies. To examine the enzymatic
activities of expressed MEK1 and R4F, we performed MEK
assays with anti-HA immunoprecipitates with recombinant
Erk2 as the substrate. Clones expressing R4F contained active
MEK1 even when they were serum starved, in contrast to
clones expressing wild-type MEK1, where insulin treatment
was needed for stimulation of MEK activity (Fig. 5B). Despite
the fact that these clones contained additional MEK activity,
neither cells expressing wild-type MEK1 nor cells expressing
hyperactivated MEK1 spontaneously differentiated to adipo-
cytes (Fig. 5C). Moreover, their ability to differentiate into
adipocytes in response to insulin was highly diminished in
comparison to that of the parental cell line (data not shown).
Clones expressing either wild-type or activated MEK1 (S218E
S222E) without the HA tag were also examined (8), and sim-
ilar results were obtained; overexpression of MEK1 (up to 50
times that of control cells) did not induce spontaneous differ-
entiation (data not shown). These results demonstrate that
enhancing MEK activity, the upstream regulator of MAPK, did
not promote but inhibited the differentiation pathway.

To discard the possibility that the results observed with
MEK1-transfected clones were merely due to clonal variation,
we analyzed further the role of MEK1 activity in the process of

differentiation by testing marker-selected mass cultures (in-
stead of individual clones) from different MEK transfections
for the ability to differentiate under standard protocol condi-
tions (1, 40, 43) in the presence of insulin. In contrast to
transfectants harboring the vector alone, selected cultures
transfected with wild-type HA-MEK1 or the hyperactive HA-
R4F form did not differentiate, as determined by the presence
of adipocyte-specific marker aP2 (Fig. 6). Interestingly, the
addition of MEK inhibitor PD98059 (2, 12, 25, 32) during the
differentiation period restored extensively the ability of wild-
type and hyperactive MEK1 transfectants to differentiate (Fig.
6). Taken together, these data strongly suggest that the in-
creased MEK1 activity in transfectants antagonizes the differ-
entiation process.

Overexpression of MAPK inhibits differentiation. Finally,
transfected 3T3-L1 clones, JA 1.1.1 and JA 1.1.4, overexpress-
ing MAPK were selected based on resistance to geneticin and
the presence of HA-tagged wild-type Erk2 (10, 22) (Fig. 7A
and B). In MAPK assays of anti-HA immunoprecipitates, in-
sulin treatment produced significant stimulation of transfected
MAPK, compared to that of control cells lacking HA-tagged
Erk2, demonstrating the activity of overexpressed MAPK (Fig.
7C). To correlate MAPK activity with the adipocytic differen-

FIG. 3. Differential activation of JNK (A) and PI3K (B) by TNF-a and
insulin. Serum-starved (overnight) 3T3-L1 cells were left untreated (C) or were
treated with TNF-a (10 ng/ml for 10 min) or insulin (1 mM for 5 min) (I) before
preparation of cell lysates. (A) JNK activity was assayed as described in Materials
and Methods with GST–c-Jun bound to glutathione agarose beads as the sub-
strate. (B) PI3K activity was assayed in antiphosphotyrosine immunoprecipitates.
Autoradiograms of a representative SDS–10% PAGE gel (JNK) and a thin-layer
chromatography plate (PI3K) are reproduced here. The positions of phosphor-
ylated GST–c-Jun and PIP are indicated by arrows.

FIG. 4. PD98059 attenuates MAPK activation but does not block adipogen-
esis mediated by N-rasLys61. (A) 3T3-L1 clone AP 1.2.9 (containing a transfected,
Dx-inducible ras oncogene, mouse mammary tumor virus rasLys61 [34, 35]) was
treated with 50 mM PD98059 and with (1) or without (2) 5 mM Dx, as indicated.
Cell lysates were immunoprecipitated with anti-Erk2 antibody to assay MAPK
activity (see Materials and Methods). The conditions assayed included a DMSO
control. Dx alone for 4 h, treatment with 50 mM PD98059 for 2 h followed by the
addition of 5 mM Dx for 4 h, and treatment with 50 mM PD98059 alone for 6 h.
(B) Northern blot analysis of relative aP2 expression (after 2 days of described
treatment) normalized to b2-microglobulin (b2-M) expression. Data in the his-
togram are averages of three experiments, with SDs of #17%.
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tiation process, we examined the abilities of these clones that
overexpress MAPK to differentiate in response to insulin. These
clones did not undergo spontaneous differentiation; more in-
terestingly, they failed to differentiate in response to insulin
(Fig. 7D), suggesting that overexpression of MAPK inhibits
adipocyte differentiation in these cells and implicating this ki-
nase as a negative regulator of adipogenesis.

DISCUSSION

Our previous studies with 3T3-L1 cells demonstrated that
Ras and Raf-1 are essential mediators of the process of insulin-

induced differentiation (3, 34–36). However, in contrast to
most reports for proliferating cells (39, 51, 54), activation of
Raf-1 kinase and activation of the MAPK cascade by insulin or
transfected ras oncogenes are totally dissociated in these cells
(35, 36). These observations raised the important question of
whether activation of the MAPK cascade was involved in the
differentiation process.

To answer that question, we used a variety of separate but
complementary experimental approaches, including the use of
specific inhibitors of MEK activity and insulin-induced differ-
entiation (PD98059 and TNF-a, respectively) and transfection
with specific MEK and Erk clones. Based on our observations,
we have concluded that MAPK is clearly not a positive regu-
latory component of the pathway that leads to adipogenesis. In
fact, our results indicate that there is an antagonistic relation-
ship between MAPK activation and adipocytic differentiation
and that MAPK activation in 3T3-L1 cells mediates signaling
events that oppose differentiation, such as mitogenesis.

Our conclusion that 3T3-L1 adipocytic differentiation does
not involve activation of the MEK/MAPK pathway is based on
direct experimental evidence derived from several distinct
complementary approaches and runs counter to conclusions
from a previous report (42) based on antisense oligonucleo-
tides directed against murine p42 MAPK. It is possible that
unforeseen or undetected lack of specificity or toxicity of the
oligonucleotides utilized may account for the results described

FIG. 5. Expression of hyperactivated MEK1 impairs differentiation. (A) 3T3-
L1 fibroblasts were transfected (see Materials and Methods) with either wild-
type MEK1 or hyperactivated MEK1 (R4F), each bearing an N-terminal HA tag
(29). Lysates of hygromycin-resistant clones were immunoprecipitated (IPP) with
anti-HA tag antibody (aHA) and analyzed by Western blotting (WB) for expres-
sion of the appropriate transfected genes (see Materials and Methods). aMEK1,
anti-MEK1. (B) MEK activity was assayed with anti-HA immunoprecipitates
from several MEK transfectants, as described in Materials and Methods, which
were unstimulated (2) or insulin stimulated (5 mM for 5 min) (1). Recombinant
Erk2(K52R) was the phosphorylation substrate (29). (C) The ability of cells to
spontaneously differentiate was evaluated by Northern analysis quantitation of
the levels of aP2 mRNA in confluent cells prior to induction of adipogenesis.
Data are averages of three independent experiments, with SDs of #20%.

FIG. 6. PD98059 restores the differentiation ability of MEK1-transfected
3T3-L1 cells. A representative Northern analysis of total RNA isolated from
marker-selected mass cultures obtained by transfection of 3T3-L1 cells with the
control vector, HA-MEK, or HA-R4F is shown. Samples correspond to confluent
cultures extracted prior to (2) or after (1) undergoing the standard differenti-
ation protocol in the presence of insulin (1, 40, 43) and in the absence (2) or
presence (1) of 50 mg of PD98059 per ml. The membrane was first probed with
aP2 as the marker of differentiation, washed, and reprobed with b2-microglobu-
lin (b2-M) to quantitate RNA loading in each lane (35). The ratios between aP2
and b-microglobulin signals are presented in the histogram.
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in that report. The antagonistic relation between MAPK acti-
vation and 3T3-L1 adipocytic differentiation also contrasts with
observations for PC12 cells, where MAPK is required for neu-
ronal differentiation (9, 32).

One possible mechanism to explain the negative modulation

of adipocytic differentiation by MAPK is the convergence of
the MAPK pathway on transcriptional machinery. MAPK phos-
phorylates and alters the functions of transcriptional factors,
including Jun, Fos, Myc, ATF2, Elk-1, TTP, and NFAT (4–7,
11, 16, 17, 21, 26, 31, 47, 53). The precise expression of adipo-
cyte-specific genes, such as GLUT4 and aP2, is required for
adipocytic differentiation (19, 27). It is very likely that the reg-
ulated expression of adipocyte marker proteins by transcrip-
tional factors is negatively governed by MAPK. Consistent with
this hypothesis, TNF-a, which we have shown here to be an
activator of MAPK and an inhibitor of 3T3-L1 differentiation,
has also previously been documented to decrease GLUT4 and
C/EBP mRNA levels (44, 45). Interestingly, we observed that
PD98059-mediated inhibition of MAPK activation by TNF-a
at a low concentration (1 ng/ml) resulted in significant en-
hancement of differentiation, as estimated by the levels of the
aP2 marker and lipid vesicle accumulation. These observations
point to a role for MAPK as a mediator of the inhibitory effect
of TNF-a on adipogenesis, although other MAPK-indepen-
dent signaling pathways activated by TNF-a may also be in-
volved in the inhibitory effect. Similarly, insulin-induced signals
distinct from MAPK activation, such as activation of PI3K, are
also required for induction of the differentiation process. It has
previously been reported that the specific PI3K inhibitor wort-
mannin can block 3T3-L1 adipocytic differentiation (48) and
that transfection of activated protein kinase B/Akt, a down-
stream effector of PI3K (reviewed in reference 14), can also
cause spontaneous adipocytic differentiation of transfected
3T3-L1 cells (28). In agreement with those notions, we have
shown here that PI3K is differentially activated by insulin, not
by TNF-a, whereas the opposite is true for JNK. Since insulin
and TNF-a activated specifically in each case signaling path-
ways other than the MAPK pathway, we concluded that mech-
anisms in addition to MAPK action must be taken into account
to explain their global effects (stimulatory for insulin and in-
hibitory for TNF-a) on adipocytic differentiation.

The adipocyte-specific murine transcription factor PPARg,
which has previously been shown to be an essential inducer of
adipocytic differentiation (49, 50), is known to contain poten-
tial MAPK consensus target sites located N-terminal to the
DNA and ligand binding domains (18, 49, 50). Interestingly
and in total agreement with our observations, recent work in B.
Spiegelman’s laboratory (24) has shown that MAPK-mediated
phosphorylation of PPARg results in a blockade of its ability to
activate the transcriptional events (27, 49, 50) required for
progression of the adipocytic differentiation program.

In summary, the negative modulation exerted by active
MAPK on the transcriptional machinery involved in adipogen-
esis offers a likely mechanism to explain, at least in part, the
experimental observations reported here, that is, the antago-
nism between MAPK activation and differentiation of 3T3-L1
cells. In this regard, it appears that MAPK activation by insulin
correlates with insulin’s known dual activities in 3T3-L1 cells,
mitogenesis in growing cells and differentiation in confluent
cells. Since our results clearly indicate that MAPK activation is
required for cell growth and opposes cell differentiation in
3T3-L1 cells, an interesting area for future elucidation is iden-
tifying the cellular factors that regulate the switch between
growth and differentiation in this particular cell type.
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