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We have recently generated immortalized fetal brown adipocyte cell lines from insulin receptor substrate 1
(IRS-1) knockout mice and demonstrated an impairment in insulin-induced lipid synthesis as compared to
wild-type cell lines. In this study, we investigated the consequences of IRS-1 deficiency on mitogenesis in
response to insulin. The lack of IRS-1 resulted in the inability of insulin-stimulated IRS-1-deficient brown
adipocytes to increase DNA synthesis and enter into S/G2/M phases of the cell cycle. These cells showed a
severe impairment in activating mitogen-activated protein kinase kinase (MEK1/2) and p42-p44 mitogen-
activated protein kinase (MAPK) upon insulin stimulation. IRS-1-deficient cells also lacked tyrosine phos-
phorylation of SHC and showed no SHC–Grb-2 association in response to insulin. The mitogenic response to
insulin could be partially restored by enhancing IRS-2 tyrosine phosphorylation and its association with Grb-2
by inhibition of phosphatidylinositol 3-kinase activity through a feedback mechanism. Reconstitution of
IRS-1-deficient brown adipocytes with wild-type IRS-1 restored insulin-induced IRS-1 and SHC tyrosine
phosphorylation and IRS-1–Grb-2, IRS-1–SHC, and SHC–Grb-2 associations, leading to the activation of
MAPK and enhancement of DNA synthesis. Reconstitution of IRS-1-deficient brown adipocytes with the IRS-1
mutant Tyr895Phe, which lacks IRS-1–Grb-2 binding, restored SHC–IRS-1 association and SHC–Grb-2
association. However, the lack of IRS-1–Grb-2 association impaired MAPK activation and DNA synthesis in
insulin-stimulated mutant cells. These data provide strong evidence for an essential role of IRS-1 and its direct
association with Grb-2 in the insulin signaling pathway leading to MAPK activation and mitogenesis in brown
adipocytes.

A complete understanding of insulin actions on cell growth
and metabolism requires the identification of a complex net-
work of signaling pathways. Insulin initiates its biological ef-
fects by binding to and activating its endogenous tyrosine ki-
nase receptors (9, 28). These receptors are believed to
transduce signals by phosphorylation on tyrosine residues of
several cellular substrates, including insulin receptor substrate
(IRS) proteins (IRS-1, -2, -3, and -4) (14, 15, 33, 34). These
phosphorylated substrates then bind proteins containing Src
homology 2 (SH2) domains, including the p85 regulatory sub-
unit of phosphatidylinositol 3-kinase (PI 3-kinase) (2), growth
factor receptor binding protein 2 (Grb-2), which links signaling
via SOS to activation of the Ras complex (23), and protein
tyrosine phosphatase SHP2 (12), that lead to activation of
various downstream signaling pathways. However, IRS pro-
teins display important differential sensitivities for binding
these SH2 proteins (27). Another substrate for activated insu-
lin receptors is SHC, which exists in three isoforms: p66, p52,
and p46 (20). Like IRS proteins, SHC proteins are tyrosine

phosphorylated upon insulin receptor activation but can only
associate with Grb-2 (22, 23).

Recent studies performed in animal models by homologous
recombinant gene targeting suggest that IRS proteins play
important and distinctive roles in insulin and insulin-like
growth factor I (IGF-I) signaling. Whereas IRS-1 has been
shown to be the mayor player in IGF-I-induced mitogenesis
(5), IRS-2 is more tightly linked to glucose homeostasis. In
fact, in mice made deficient for IRS-1, glucose metabolism and
growth are reduced by 50 to 60%, despite the fact that IRS-2
and other proteins can act as alternative substrates of the
insulin receptor kinase (1, 19, 24). In contrast, IRS-2-deficient
mice have a phenotype of type 2 diabetes due to insulin resis-
tance and b-cell failure (35, 36). These phenotypes suggest that
IRS-2 may play a greater role in glucose homeostasis, while
IRS-1 is more important for somatic cell growth. More re-
cently, deletion of IRS-3 did not show a discernible phenotype
from that of wild-type mice (16), whereas mice lacking IRS-4
exhibited mild defects in growth, reproduction, and glucose
homeostasis (6). However, the relative role of the different IRS
proteins in mediating insulin action in the individual tissues is
still unclear.

Several reports from our laboratories have demonstrated
that fetal brown adipocytes are an excellent cell model for
studying insulin action since these cells bear a high number of
high-affinity insulin receptors as well as both IRS-1, IRS-2, and
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other insulin signaling molecules (26, 30–32). More recently, in
order to dissect the insulin signaling pathways leading to the
different insulin biological effects, we have developed immor-
talized fetal brown adipocyte cell lines from IRS-1-deficient
mice (IRS-12/2), heterozygous mice (IRS-11/2), and wild-type
mice (IRS-11/1). IRS-1 has been shown to be an essential
molecule to maintain the adipogenic phenotype, despite the
fact that IRS-2 is overexpressed in IRS-1-deficient brown adi-
pocytes (29). In the present study, we investigated the molec-
ular mechanisms by which the lack of IRS-1 results in the
inability of brown adipocytes to activate the Ras/mitogen-acti-
vated protein kinase (MAPK) pathway, DNA synthesis, and
the entry of the cells in the S/G2/M phases of the cell cycle. We
have been able to partly restore MAPK activation and DNA
synthesis in IRS-1-deficient cells by pretreatment with PI 3-ki-
nase inhibitors, which presumably act through a feedback
mechanism. In addition, we have found that adding back
IRS-1, but not the mutant Y895F, which lacks Grb-2 binding,
to the IRS-1-deficient brown adipocytes can restore signaling
and mitogenic function.

MATERIALS AND METHODS

Materials. Fetal calf serum (FCS) and culture media were obtained from
Gibco Inc. (Gaithersburg, Md.). Insulin, wortmannin, and anti-mouse immuno-
globulin G (IgG)-agarose were from Sigma Chemical Co. (St. Louis, Mo.).
Protein A-agarose was from Roche Molecular Biochemicals (Mannheim, Ger-
many). LY294002 was from Calbiochem (Calbiochem-Novabiochem Intl, La
Jolla, Calif.). The antibodies against the insulin receptor b-chain (sc-09) and
Grb-2 (sc-255) were purchased from Santa Cruz (Santa Cruz Biotechnology,
Palo Alto, Calif.). The polyclonal anti-IRS-1, monoclonal antiphosphotyrosine
(clone 4G10), and polyclonal anti-SHC antibodies were purchased from Upstate
Biotechnology (Lake Placid, N.Y.). For SHC immunoprecipitations, a polyclonal
anti-SHC antibody was purchased from Transduction Laboratories Inc. (Lexing-
ton, Ky.). The anti-phospho MAPK (Thr202/Tyr204), anti-phospho MEK1/2
(Ser217/221), anti-MEK1/2, and anti-MAPK antibodies were purchased from
New England Biolabs (Beverly, Mass.). [g-32P]ATP (3,000 Ci/mmol) and
[3H]thymidine (0.2 mCi/ml;1 mM) were from Amersham (Aylesbury, United
Kingdom). All other reagents used were of the purest grade available.

Cell culture. Brown adipocytes were obtained from interscapular brown adi-
pose tissue of 17.5 to 18.5 fetuses from 2 to 3 pregnant mice of normal genotype
or from a pool of tissue of fetuses obtained from 2 to 3 pregnant IRS-11/2 mice
mated with IRS-12/2 males and were further submitted to collagenase dispersion
as previously described (17). Then cells were infected with the puromycin-
resistance retroviral vector pBabe, which encodes simian virus 40 large T antigen
as described previously (29). Following infection, fetal brown adipocytes were
maintained in culture medium for 72 h before selection with puromycin (1
mg/ml) for 1 week. Several IRS-11/1, IRS-11/2, and IRS-12/2 cell lines were
cloned and expanded, and the expression of IRS-1 was assessed by Western
blotting (29). Three wild-type and IRS-12/2 clones were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% FCS and puromycin
(1 mg/ml).

Immunoprecipitations. Quiescent cells were treated without or with several
doses of insulin as indicated and lysed at 4°C in 1 ml of a solution containing 10
mM Tris-HCl, 5 mM EDTA, 50 mM NaCl, 30 mM sodium pyrophosphate, 50
mM NaF, 100 mM Na3VO4, 1% Triton X-100, and 1 mM phenylmethylsulfonyl
fluoride, pH 7.6 (lysis buffer). Lysates were clarified by centrifugation at 15,000 3
g for 10 min. After protein content determination, equal amounts of protein (500
to 600 mg) were immunoprecipitated at 4°C with the corresponding antibodies.
The immune complexes were collected on protein A-agarose or anti-mouse
IgG-agarose beads. Immunoprecipitates were washed with lysis buffer and ex-
tracted for 5 min at 95°C in 23 sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (200 mM Tris-HCl, 6% SDS, 2 mM
EDTA, 4% 2-mercaptoethanol, 10% glycerol, pH 6.8) and analyzed by SDS-
PAGE.

Western blotting. After SDS-PAGE, proteins were transferred to Immobilon
membranes and were blocked using 5% nonfat dried milk or 3% bovine serum
albumin (BSA) in 10 mM Tris-HCl, 150 mM NaCl, pH 7.5, and incubated
overnight with several antibodies as indicated in 0.05% Tween 20, 10 mM

Tris-HCl, 150 mM NaCl, pH 7.5. Immunoreactive bands were visualized using
the ECL Western blotting protocol (Amersham).

Protein determination. Protein determination was performed by the Bradford
dye method (4) using Bio-Rad reagent and BSA as the standard.

DNA constructs and expression vectors. The green fluorescent protein–wild-
type IRS-1 (GFP–IRS-1wt) and green fluorescent protein–IRS-1 mutant F895
(GFP–IRS-1F895) plasmids were created by subcloning wild-type IRS-1 cDNA
and IRS-1 mutant Y895F cDNA constructs in frame into the HindIII site within
the pGFPC2 vector (CLONTECH, Palo Alto, Calif.). The pCMVhis IRS-1wt and
pCMVhis IRS-1F895 cDNA constructs were prepared as described previously
(18).

Transfections. IRS-1-deficient brown adipocytes (clone 4) were cultured for
24 h in the presence of 10% FCS, and when 60 to 70% confluence was reached
cells were transfected according to the calcium phosphate-mediated protocol
with the plasmid constructs indicated for each case. For pCMVhis IRS-1wt and
pCMVhis IRS-1F895 constructs, 10 mg of DNA was added to each dish. After 4
to 6 h of incubation, cells were shocked with 3 ml of 15% glycerol for 2 min,
washed, and then fed with DMEM-10% FCS. Twenty-four hours after transfec-
tion, histidinol (10 mM) was added to select stable transfectants. Several histidi-

FIG. 1. Mitogenic response to insulin in wild-type and IRS-1-defi-
cient brown adipocytes. (A) Three clones of wild-type (1/1) and
IRS-1-deficient (2/2) immortalized brown adipocytes were cultured
for 24 h in serum-free medium either in the absence or presence of
insulin (1, 10, and 100 nM). DNA synthesis was determined by [3H]thy-
midine incorporation (0.2 mCi/ml) over the last 4 h of culture. After
two washes with ice-cold PBS, cells were lysed and trichloroacetate-
precipitable DNA was then counted for incorporated radioactivity.
Results are expressed as disintegrations per minute (dpm) per dish and
are means 6 standard errors from six independent experiments, each
one performed in triplicate. (B) Cells were cultured for 24 h either in
the absence or presence of various doses of insulin as described for
panel A. At the end of the culture time, the percentage of cells in S
plus G2/M phases of the cell cycle was determined as described in
Materials and Methods. Results are means 6 standard errors from six
independent experiments.
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nol-resistant cell lines were obtained, and the expression of IRS-1wt and the
mutant IRS-1F895 was assessed by Western blotting.

GFP–IRS-1wt and GFP–IRS-1F895 constructs were used for transient transfec-
tion experiments. Fifteen micrograms of DNA was added to each dish, and after
4 to 6 h of incubation cells were shocked with 3 ml of 15% glycerol for 2 min,
washed, and then fed with DMEM-10% FCS. After 48 h of culture under these
conditions, cells were detached from the monolayer, and green fluorescent cells
were purified by cell sorting in a FACStar PLUS (Becton-Dickinson, San Jose,
Calif.) flow cytometer. Fluorescent cells were collected in DMEM supplemented
with 20% FCS and subsequently plated back and immediately used for further
experiments. GFP-positive cells were visualized using an MRC-1024 confocal
microscope (Bio-Rad, Hempestead, United Kingdom).

[3H]Thymidine incorporation into DNA. Cells were plated at 0.5 3 106/dish in
6-cm dishes in DMEM with 10% FCS. After 24 h, the medium was changed to
DMEM with 0.05% insulin-free BSA, and cells were further cultured for 24 h in
the absence or presence of various doses of insulin. DNA synthesis was deter-
mined by [3H]thymidine incorporation (0.2 mCi/ml) over the last 4 h of culture
(17). After two washes with ice-cold phosphate-buffered saline (PBS), cells were
lysed in 0.1% SDS. Trichloroacetate-precipitable DNA was then counted for
incorporated radioactivity. All assays were performed in triplicate and expressed
in counts per minute/dish.

Analysis of cell cycle by flow cytometry. Cells were plated at 0.5 3 106/dish in
6-cm dishes in DMEM with 10% FCS. After 24 h, the medium was changed to
DMEM with 0.05% insulin-free BSA and cells were further cultured for another
24 h in the absence or presence of various doses of insulin. Cells were stained
with the Kinesis test from Bio-Rad. The percentage of cells in G0/G1 and S plus
G2/M phases of the cell cycle were determined in a FACScan flow cytometer
(Becton-Dickinson) using Modfit software (Verity Software) and a doublet dis-
criminator to analyze single cells.

RESULTS

Brown adipocytes from IRS-1-deficient mice do not respond
to insulin by increasing DNA synthesis. The immortalized

brown adipocyte cell lines derived from the IRS-12/2 mice
completely lacked IRS-1 protein expression (29), whereas the
IRS-11/1 cell lines expressed high levels of endogenous IRS-1
similar to those of primary brown fat cells (31). To analyze the
effect of the IRS-1 null mutation on brown adipocyte insulin-
induced cell growth, quiescent (24-h serum-starved) IRS-12/2

and control (IRS-11/1) cells were cultured in a serum-free
medium in the absence or presence of various doses of insulin
(1, 10, and 100 nM) for 24 h. DNA synthesis was measured in
both cell lines by [3H]thymidine incorporation during the last
4 h of culture. Although immortalized fetal brown adipocytes
showed an intrinsic mitogenic competence in the absence of
insulin as described previously for primary cells (17), IRS-11/1

cells showed markedly increased (threefold) DNA synthesis in
the presence of insulin, the maximal effect being elicited at 100
nM (Fig. 1A). The basal rate of DNA synthesis in the IRS-12/2

brown adipocytes was similar to that in the wild type. However,
these cells did not respond to insulin by increasing DNA syn-
thesis. The lack of effect of insulin-induced mitogenesis in
IRS-1-deficient brown adipocytes was also assessed by measur-
ing the percentage of cells in S plus G2/M phases of the cell
cycle, either in the absence or in the presence of insulin. As
shown in Fig. 1B, the presence of insulin (10 to 100 nM) for
24 h significantly increased the percentage of IRS-11/1 cells in
S plus G2/M phases of the cell cycle compared to nontreated
cells. However, no insulin effect in the distribution of the cells
along the phases of the cell cycle was observed in IRS-12/2

brown adipocytes.

FIG. 2. Insulin did not activate MAPK cascade in IRS-1-deficient brown adipocytes. Quiescent (20-h serum-starved) wild-type (1/1) and
IRS-1-deficient (2/2) brown adipocytes were stimulated with insulin (1 to 100 nM) for 5 min. Control cells were cultured in the absence of the
hormone. Cells were then lysed and equal amounts of protein (50 mg) were submitted to SDS-PAGE followed by Western blot analysis with the
anti-phospho MEK1/2, anti-MEK1/2, anti-phospho MAPK, and anti-MAPK antibodies. The positions of phosphorylated MEK1/2 and p42-p44
MAPK are indicated by arrowheads. Results from a representative experiment are shown. The autoradiograms corresponding to five independent
experiments, using two clones of each cell type, were quantitated by scanning densitometry. Results are expressed as arbitrary units of phosphor-
ylated MEK1/2 and phosphorylated p42-p44 MAPK and are means 6 standard errors.
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IRS-12/2 brown adipocytes failed to activate MEK1/2 and
p42-p44 MAPK in response to insulin. Activation of the Ras-
MAPK signaling cascade has been shown to be an essential
requirement for insulin–IGF-I-induced brown adipocyte mito-
genic responses (21). To assess the impact of the lack of IRS-1
expression on this pathway, we determined insulin-induced
MEK1/2 and p42-p44 MAPK activation in IRS-11/1 and IRS-
12/2 brown adipocytes. Quiescent (20-h serum-starved) IRS-
11/1 and IRS-12/2 cell lines were stimulated with insulin (1 to
100 nM) for 5 min. Then cells were lysed and equals amount of
protein were submitted to SDS-PAGE followed by Western
blotting with anti-phospho MEK1/2 and anti-phospho p42-p44
MAPK antibodies. Insulin induced both MEK1/2 and MAPK
phosphorylation in a dose-dependent manner in wild-type
brown adipocytes (Fig. 2). In contrast, no insulin effect was
observed in IRS-12/2 brown adipocytes, although basal phos-
phorylation of both kinases was higher than that observed in
wild-type cells. Furthermore, total MEK1/2 and MAPK con-
tent remained unchanged in all the cell lines, indicating that

IRS-1 mediates insulin-induced MAPK activation in brown
adipocytes.

Insulin-induced tyrosine phosphorylation of SHC and its
association with Grb-2 is severely impaired in IRS-1-deficient
brown adipocytes. SHC is another insulin receptor substrate
implicated in the activation of the Ras-MAPK signaling path-
way via association with the adapter protein Grb-2 (22, 23).
The fact that insulin-induced MAPK activation is abolished in
IRS-1-deficient brown adipocytes prompted us to investigate
the role of SHC signaling in these cells. When quiescent IRS-
11/1 brown adipocytes were cultured in serum-free medium
for 20 h, there was a significant tyrosine phosphorylation of p52
and p46 SHC proteins in the basal state (Fig. 3). In these cells,
insulin (1 to 100 nM) stimulation for 5 min resulted in a
marked increase in SHC tyrosine phosphorylation as com-
pared to the controls. IRS-1-deficient cells showed basal ty-
rosine phosphorylation of SHC higher than that observed in
wild-type brown adipocytes, but these cells did not further
increase SHC phosphorylation in response to insulin. How-

FIG. 3. Insulin effect on SHC tyrosine phosphorylation and its association with an insulin receptor and Grb-2 in wild-type and IRS-1-deficient
brown adipocytes. Quiescent (20-h serum-starved) wild-type (1/1) and IRS-1-deficient (2/2) brown adipocytes were stimulated with insulin (1
to 100 nM) for 5 min. Control cells were cultured in the absence of the hormone. At the end of the culture time, cells were lysed and 600 mg of
total protein was immunoprecipitated (IP) with anti-SHC or anti-insulin receptor (IR) antibodies. The resulting immune complexes were analyzed
by Western blotting (WB) with anti-Tyr(P), anti-SHC, anti-IR, and anti-Grb-2 antibodies as indicated in each panel. The positions of p66, p52,
and p46 SHC proteins and IR b-chain and Grb-2 are indicated by arrows. The results shown are representative of three experiments, which used
two clones of each cell type. The corresponding autoradiograms were quantitated by scanning densitometry. Results are expressed as arbitrary units
of SHC tyrosine phosphorylation, IR-associated SHC, or SHC-associated Grb-2 and are means 6 standard errors.
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ever, the total amount of SHC proteins remained unchanged in
all cell lines. We also observed a lack of effect of insulin in
IRS-12/2 cells when the anti-insulin receptor b-chain immu-
noprecipitates were analyzed by Western blotting with anti-
SHC antibody, the amount of insulin receptor b-chain being
unchanged in all cell lines. Immunoprecipitation with anti-
SHC antibody followed by anti-Grb-2 Western blotting re-
vealed a marked increase in SHC–Grb-2 association upon in-
sulin stimulation of wild-type brown adipocytes; maximal effect
was elicited at a 10 nM insulin concentration. However, IRS-
1-deficient brown adipocytes lacked SHC–Grb-2 association in
response to insulin. These data suggest that in IRS-1-deficient
brown adipocytes SHC cannot compensate for the loss of IRS-
1-mediated signaling through Grb-2.

IRS-1 coimmunoprecipitates with SHC in wild-type brown
adipocytes. The loss of insulin-induced SHC tyrosine phos-
phorylation and its subsequent association with Grb-2 in brown
adipocytes lacking IRS-1 suggested the possibility of the
formation of a signaling complex including SHC and IRS-1 in
wild-type brown adipocytes. Western blot analysis of cell lysates
from wild-type cells following insulin (1 to 100 nM) stimulation
revealed the presence of IRS-1 in anti-SHC immunoprecipi-
tates (Fig. 4). Indeed, IRS-1–SHC coimmunoprecipitation was
not observed when the cell lysates were incubated with anti-
mouse IgGs as a nonimmune control (Fig. 4, upper right pan-
el). Interestingly, phosphorylated IRS-2 does not coimmuno-
precipitate with SHC either in wild-type or IRS-1-deficient
brown adipocytes (results not shown).

PI 3-kinase inhibitors enhanced IRS-2–Grb-2 association
and partially restored insulin-induced mitogenesis in IRS-1-
deficient cells. Previous studies in our laboratory have demon-

strated that, despite the fact that brown adipocytes express
IRS-2, its association with Grb-2 is virtually absent in primary
brown adipocytes (31). In addition, insulin-induced IRS-1 and
IRS-2 tyrosine phosphorylation can be enhanced by pretreat-
ment of these cells with PI 3-kinase inhibitors as a result of a
reduction of the serine/threonine phosphorylation state of
both IRS-1 and IRS-2 (30). Since IRS-12/2 brown adipocytes
overexpress IRS-2, we addressed the possibility of restoring
insulin-induced mitogenesis in these cells by enhancing IRS-2
tyrosine phosphorylation and subsequently its association with
Grb-2. To test this, quiescent IRS-11/1 and IRS-12/2 cells
were pretreated for 45 min with either 40 nM wortmannin or
5 mM LY294002 and were stimulated with 10 nM insulin for a
further 5 min. Cells were then lysed, and equal amounts of
protein were immunoprecipitated with the anti-Grb-2 antibody
and submitted to Western blot analysis with anti-IRS-2 anti-
body. As shown in Fig. 5A, the presence of IRS-2 in anti-Grb-2
immunoprecipitates upon insulin stimulation was very low in
both wild-type and IRS-12/2 cell lines. However, pretreatment
with PI 3-kinase inhibitors increased IRS-2–Grb-2 association
twofold in wild-type brown adipocytes and threefold in IRS-1-
deficient cells, the expression of Grb-2 being unchanged in
both cell lines.

We further analyzed whether the enhanced IRS-2–Grb-2
association in IRS-1-deficient cells by PI 3-kinase inhibitors
had a positive effect on insulin-induced MAPK activation and
subsequent proliferation of these cells. Fig. 5B shows an anti-
phospho p42-p44 MAPK Western blot of wild-type and IRS-
12/2 brown adipocytes which had been pretreated with 5 mM
LY294002 or 40 nM wortmannin for 45 min and stimulated
with various doses of insulin (1 to 100 nM) for a further 5 min.

FIG. 4. IRS-1 coimmunoprecipitates with SHC in wild-type brown adipocytes. Quiescent (20-h serum-starved) wild-type (1/1) and IRS-1-
deficient (2/2) brown adipocytes were stimulated with insulin (1 to 100 nM) for 5 min. Control cells were cultured in the absence of the hormone.
At the end of the culture time, cells were lysed and 600 mg of total protein was immunoprecipitated (IP) with the anti-SHC monoclonal antibody.
The resulting immune complexes were analyzed by Western blotting (WB) with polyclonal anti-IRS-1 and anti-SHC antibodies. The positions of
IRS-1 and p66, p52, and p46 SHC proteins are indicated by arrowheads. The results shown are representative of three experiments, which used
two different clones of IRS-11/1 cells. The corresponding autoradiograms were quantitated by scanning densitometry. Results are expressed as
arbitrary units of SHC-associated IRS-1 and are means 6 standard errors (bottom right panel). As a nonimmune control, cell lysates from
untreated and insulin-stimulated wild-type brown adipocytes were incubated with anti-SHC antibody or anti-mouse IgGs and were analyzed by
Western blotting with the anti-IRS-1 antibody (upper right panel).
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Whereas no insulin effect on MAPK activation was observed in
IRS-1-deficient brown adipocytes, these cells recovered MAPK
activation in response to insulin after pretreatment with PI
3-kinase inhibitors, the activation of p42-p44 MAPK being
substantially recovered under these experimental conditions
(Fig. 5B). The effect of PI 3-kinase inhibitors on insulin-in-
duced DNA synthesis in wild-type and IRS-1-deficient brown
adipocytes is shown in Fig. 5C. Treatment of IRS-12/2 cells
with 40 nM wortmannin or 5 mM LY294002 together with 100
nM insulin for 24 h also resulted in a marked increase in
[3H]thymidine incorporation as compared with control cells
cultured in the absence of the hormone. As shown in Fig. 1 and
5C, in the absence of pretreatment with wortmannin or the LY
compound IRS-12/2 cells did not respond to insulin in increas-
ing DNA synthesis.

Reconstitution of IRS-1 expression in IRS-1-deficient cells.
To investigate whether the loss of IRS-1 expression is respon-
sible for the lack of insulin-stimulated cell growth, we recon-

stituted IRS-1 expression in IRS-1-deficient brown adipocytes.
These cells were transfected with the pCMVhis vector contain-
ing the cDNA for IRS-1wt, and stable transfected cell lines
were selected in 10 mM histidinol-containing medium. In par-
allel, we transfected a pCMVhis IRS-1F895 mutant, in which
the tyrosine in position 895 (which has been shown to be
responsible for Grb-2 association) was replaced by phenylala-
nine (18), and histidinol-resistant cell lines were selected for
further experiments. Figure 6A shows that IRS-1wt and IRS-
1F895 expression in the reconstituted cell lines represents about
50 to 60% and 40%, respectively, of that seen in wild-type cells.
Next, we tested if exogenously expressed IRS-1wt and IRS-
1F895 were functional by their tyrosine phosphorylation re-
sponse to insulin stimulation. Quiescent cells were serum-
starved for 20 h and then stimulated with 10 nM insulin for a
further 5 min. Cell lysates were immunoprecipitated with the
anti-IRS-1 antibody and analyzed by Western blotting with the
anti-Tyr(P) antibody. Both overexpressed IRS-1wt and IRS-

FIG. 5. PI 3-kinase inhibitors increased insulin-induced Grb-2-associated IRS-2 and the mitogenic response in IRS-1-deficient brown adipo-
cytes. (A) Quiescent IRS-11/1 (1/1) and IRS-12/2 (2/2) brown adipocytes were pretreated for 45 min with either 40 nM wortmannin (W) or
5 mM LY294002 (Ly) and then stimulated with 10 nM insulin (ins; also designated i) for a further 5 min. Cells were lysed and immunoprecipitated
(IP) with the anti-Grb-2 antibody and analyzed by Western blotting (WB) with anti-IRS-2 or anti-Grb-2 antibodies. Results from a representative
experiment are shown. The autoradiograms corresponding to three independent experiments, which used two different clones of each cell type,
were quantitated by scanning densitometry. Results are expressed as arbitrary units of Grb-2-associated IRS-2 and are means 6 standard errors.
(B) Cells were preincubated with 40 nM wortmannin (W) or 5 mM LY294002 (Ly) as described for panel A. Then cells were further stimulated
for 5 min with various doses of insulin and were lysed. Equal amounts of protein (30 to 50 mg) were submitted to Western blot analysis with
anti-phospho p42-p44 MAPK and anti-MAPK antibodies. Results from a representative experiment of three experiments are shown. (C) Quiescent
wild-type and IRS-12/2 brown adipocytes were cultured for 24 h with 100 nM insulin in both the absence and presence of either 40 nM wortmannin
or 5 mM LY294002. [3H]thymidine incorporation into acid-insoluble material was determined during the last 4 h of culture. Results are expressed
as disintegrations per minute (dpm) per dish and are means 6 standard errors from six independent experiments, which used three different clones
of each cell type.
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1F895 underwent tyrosine phosphorylation in response to insu-
lin. In these cells, the levels of tyrosine phosphorylation of both
IRS-1wt and IRS-1F895 in response to insulin paralleled those
seen in protein expression (Fig. 6B). In addition, anti-IRS-1
Western blotting of anti-Grb-2 immunoprecipitates revealed
that, whereas reconstituted IRS-1wt associated with Grb-2 after
insulin stimulation, no association with Grb-2 was found in the
insulin-stimulated IRS-1F895 cell line. By contrast, both IRS-
1wt and IRS-1F895 could be detected in anti-SHC immunopre-
cipitates, indicating that the mutation Y895F in IRS-1 did not
impair its coimmunoprecipitation with SHC upon insulin stim-
ulation (Fig. 7). However, IRS-1–SHC coimmunoprecipitation
was not observed when the cell lysates were incubated with
anti-mouse IgGs as a nonimmune control (upper right panel,
Fig. 7). Furthermore, tyrosine phosphorylation of SHC and its
association with Grb-2 in response to insulin stimulation,
which were absent in IRS-12/2 cells, were recovered up to
levels parallel to those seen in protein expression after adding
back either IRS-1wt or IRS-1F895.

Reconstitution of IRS-1–Ras–MAPK signaling cascade and
mitogenesis in IRS-1-deficient cells. Finally, we determined
whether the IRS-1–Ras–MAPK signaling cascade and the mi-
togenesis induced by insulin in brown adipocytes were recov-
ered in these stable transfectants. As shown in Fig. 8, insulin
induced MAPK phosphorylation in a dose-dependent manner
in IRS-11/1 brown adipocytes and IRS-1wt-reconstituted
brown adipocytes. In contrast, no insulin effect was observed in
cells transfected with the mutant IRS-1F895. These results sug-
gest that in brown adipocytes the IRS-1–Grb2 association me-
diates insulin-induced MAPK activation rather than having
some compensatory effect via the SHC signaling pathway. In
parallel, the mitogenic effect of insulin as determined by
[3H]thymidine incorporation was recovered when IRS-1wt, but
not IRS-1F895, was expressed in IRS-1-deficient cells.

The role of IRS-1 in insulin-induced MAPK activation and
mitogenesis was confirmed by transient transfection of IRS-1-
deficient brown adipocytes with IRS-1wt and IRS-1F895 sub-
cloned in the pGFPC2 vector. After transfection, positive cells

FIG. 6. Reconstitution of IRS-1 expression in IRS-1-deficient brown adipocytes. (A) IRS-1-deficient brown adipocytes (clone 4) were cultured
in the presence of 10% FCS until 60 to 70% confluence was reached. Then cells were transfected with pCMVhis IRS-1wt and pCMVhis IRS-1F895

cDNA constructs according to the calcium phosphate-mediated protocol. Twenty-four hours after transfection, histidinol (10 mM) was added to
select stable transfectants. Several histidinol-resistant cell lines were obtained, and the expression of IRS-1wt and the mutant IRS-1F895 was assessed
by Western blot analysis with anti-IRS-1 antibody. (B) Quiescent cells were stimulated with 10 nM insulin for 5 min, and total cell lysates were
immunoprecipitated (IP) with anti-IRS-1 or anti-Grb-2 antibodies. The resulting immune complexes were analyzed by Western blotting (WB) with
anti-Tyr(P), anti-IRS-1, and anti-Grb-2 antibodies as indicated for each panel. The positions of IRS-1 and Grb-2 are indicated. A representative
experiment is shown. The autoradiograms corresponding to three independent experiments, which used two clones of reconstituted cells, were
quantitated by scanning densitometry. Results are expressed as arbitrary units of tyrosine phosphorylated IRS-1 and are means 6 standard errors.
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could be visualized by confocal microscopy due to their green
fluorescence (Fig. 9A) and could be separated by cell sorting to
be used for further experiments. These transfectants showed
significant tyrosine phosphorylation levels of both IRS-1wt and
IRS-1F895 upon insulin stimulation, as shown in the anti-Tyr(P)
Western blot analysis of anti-IRS-1 immunoprecipitates (Fig.
9B). In addition, MAPK phosphorylation in response to insulin
was recovered when IRS-1wt, but not IRS-1F895, was transiently
added back to IRS-1-deficient cells (Fig. 9C). Likewise, the
mitogenic effect of insulin was recovered in IRS-1wt-trans-
fected cells but not in IRS-1F895 transfectants (Fig. 9D).

DISCUSSION

A complete understanding of insulin action requires the
identification of the intracellular pathways that regulate insu-
lin-stimulated growth, development, and metabolism. In this
regard, during the last years several laboratories have provided
considerable characterization of the role of docking proteins,
such as IRS proteins and SHC, that interact with the insulin
receptor and mediate intracellular signals in the insulin action
cascade. Moreover, a variety of recent studies have demon-
strated that animal models lacking IRS-1 or IRS-2 produced by
targeted gene mutation can be very useful to study the specific
role of each docking protein in the complex insulin signaling
network. Accordingly, our laboratory addressed this issue by
generating immortalized fetal brown adipocyte cell lines from

IRS-1 knockout mice. Although these cells maintained the
phenotypic features of brown adipocytes under growing con-
ditions (10% FCS) and also overexpressed IRS-2, they lack the
insulin effect on increasing cytosolic lipid content (29) and fail
to undergo normal adipocyte differentiation (M. Fasshauer
and C. R. Kahn, personal communication). In addition, insu-
lin-stimulated IRS-1-deficient cells failed to activate protein
kinase B (Akt or PKB), indicating that the IRS-1–PI 3-kinase–
Akt signaling pathway is a requirement for insulin-induced
lipid synthesis in brown adipocytes (29).

The facts that IRS-1-deficient mice display intrauterine
growth retardation (1, 24) and that IGF-I–insulin is a complete
mitogen in primary cultures of rat brown adipocytes (17, 21)
prompted us to investigate whether IRS-1 is the major docking
protein leading the mitogenic signaling cascade in fetal brown
adipocytes. Accordingly, in this study we found that whereas
brown adipocytes from wild-type mice respond to physiological
doses of insulin by increasing DNA synthesis, the growth re-
sponse of IRS-1-deficient cells to this hormone is severely
impaired as a result of a failure to enter S/G2/M phases of the
cell cycle, indicating that the lack of IRS-1 impairs the mito-
genic effect of insulin in brown adipocytes.

Activation of p42-p44 MAPK by the upstream kinase
MEK1/2 has been shown to be an essential requirement in the
molecular mechanisms by which insulin induces the prolifera-
tion of brown adipocytes (21). However, the role of IRS-1 in
MAPK activation may differ from tissue to tissue. Thus, mus-

FIG. 7. Reconstitution of IRS-1wt or IRS-1F895 restored IRS-1–SHC coimmunoprecipitation and SHC signaling. Quiescent cells (IRS-11/1,
IRS-12/2, and pCMVhis IRS-1wt and pCMVhis IRS-1F895 transfectants) were stimulated with insulin (10 to 100 nM) for 5 min. Control cells were
cultured in the absence of hormone. Total cell lysates were immunoprecipitated (IP) with anti-SHC antibody and were subsequently analyzed by
Western blotting with anti-IRS-1, anti-Tyr(P), anti-Grb-2, and anti-SHC antibodies as indicated on each panel. The results shown are represen-
tative of 4 to 5 experiments, which used two clones of reconstituted cells. As a nonimmune control, cell lysates from untreated and insulin (100
nM)-stimulated wild-type, pCMVhis IRS-1wt, and pCMVhis IRS-1F895 brown adipocytes were incubated with anti-SHC antibody or anti-mouse
IgGs and analyzed by Western blotting with the anti-IRS-1 antibody (right panel).
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cles from IRS-1-deficient mice showed an impairment in insu-
lin-induced MAPK activation, while in the liver this response
was unaltered (37). Furthermore, 3T3 fibroblasts lacking IRS-1
lost their mitogenic response to IGF-I. However, those cells
increased MAPK activity in response to IGF-I but not to PI
3-kinase activity, suggesting that signaling through PI 3-kinase
rather than through MAPK is required for proliferation in
fibroblasts (5). The results presented here indicate that in
brown adipocytes, insulin stimulates MAPK in an IRS-1-de-
pendent manner and that the overexpression of IRS-2 fails to
rescue insulin-stimulated entry into S, G2, and M phases of the
cell cycle. Importantly, in our model of IRS-1-deficient cells,
insulin-induced SHC tyrosine phosphorylation is also im-
paired, while SHC expression remains unchanged. Indeed, a
direct interaction between phosphorylated IRS-1 and SHC
using the yeast two-hybrid system has been described previ-
ously (10). In intact cells, however, we cannot exclude the
possibility that another protein, such as the insulin receptor
and/or a different insulin receptor substrate, could mediate the
interaction between IRS-1 and SHC. In addition, reconstituted

32D-insulin receptor cells show insulin-induced SHC phos-
phorylation and MAPK activation (7). However, those cells
constitutively lack the expression of essential players in the
insulin action, such as IRS-1 and IRS-2, missing the complexity
of the insulin signaling machinery observed in physiological
insulin target cells, such as brown adipocytes. Taken together,
our results indicate that phosphorylation of IRS-1 upon insulin
stimulation is a crucial event for MAPK activation and prolif-
eration in brown adipocytes.

One mechanism by which IRS tyrosine phosphorylation is
regulated involves serine/threonine phosphorylation. Previous
studies have reported that serine/threonine phosphorylation of
IRS-1 induced by okadaic acid or tumor necrosis factor alpha
results in decreased tyrosine phosphorylation of IRS-1 and
insulin resistance (8, 25). Likewise, PI 3-kinase appears to be a
key regulator of IRS-1 and IRS-2 phosphorylation and signal-
ing by promoting serine/threonine phosphorylation in a nega-
tive feedback loop (11, 13), this effect being abolished by in-
hibitors of this enzyme. Furthermore, although IRS-2 is highly
expressed in primary brown adipocytes and brown adipocyte

FIG. 8. Reconstitution of IRS-1wt, but not IRS-1F895, restores MAPK activation and mitogenesis in brown adipocytes. (A) Quiescent cells
(IRS-11/1 and pCMVhis IRS-1wt and pCMVhis IRS-1F895 stable transfectants) were stimulated with various doses of insulin for 5 min, and total
protein was submitted to Western blot analysis with anti-phospho MAPK and anti-MAPK antibodies. Results from a representative experiment
out of three, which used two clones of reconstituted cells, are shown. (B) Cells were cultured for 24 h in a serum-free medium either in the absence
or presence of insulin (10 to 100 nM). DNA synthesis was determined by [3H]thymidine incorporation (0.2 mCi/ml) over the last 4 h of culture.
Results are expressed as disintegrations per minute (dpm) per dish and are means 6 standard errors from six independent experiments, each one
performed in triplicate. 1/1, IRS-11/1.

VOL. 21, 2001 IRS-1–Grb-2 MEDIATES INSULIN-INDUCED MITOGENESIS 2277



cell lines (29, 31), its binding with Grb-2 is virtually undetect-
able, as has also been reported for 32D reconstituted cells (27).
Thus, we attempted to restore the mitogenic response in IRS-
1-deficient cells by enhancing IRS-2 tyrosine phosphorylation
and its signaling through the Ras-MAPK pathway. Pretreat-
ment of IRS-1-deficient brown adipocytes with either wort-
mannin or LY294002 before insulin stimulation significantly
enhanced IRS-2–Grb-2 association and partly restored the ac-
tivation of p42-p44 MAPK in response to insulin. As it has
been previously demonstrated that MAPK activation is re-
quired for insulin-induced brown adipocyte proliferation (21),
the recovery of phosphorylated MAPK upon insulin stimula-
tion in the presence of two unrelated PI 3-kinase inhibitors
also increased DNA synthesis in IRS-1-deficient cells. Conse-
quently, despite the fact that IRS-2 is endogenously overex-
pressed in IRS-1-deficient cells, this protein does not compen-
sate for the lack of IRS-1 in inducing mitogenesis, unless its

tyrosine phosphorylation is enhanced through a feedback
mechanism via inhibition of PI 3-kinase.

Finally, if the loss of IRS-1 expression is responsible for the
observed reduction in insulin-stimulated growth, then recon-
stitution of IRS-1 expression would be predicted to correct
most, if not all, of these signaling effects. For this goal, we
transfected IRS-12/2 cells with the pCMVhis IRS-1wt con-
struct and generated stable cell lines. This method allowed us
to recover 40 to 60% of the IRS-1 expression seen in wild-type
cells. In parallel, we generated stable transfectants expressing
pCMVhis IRS-1F895, a mutant lacking Grb-2 binding (18). The
fact that both transfectants exhibited tyrosine phosphorylation
of IRS-1 but only IRS-1wt associated Grb-2 in response to
insulin allowed us to compare the IRS-1–Ras–MAPK signaling
cascades in both IRS-1 reconstituted brown adipocyte cell
lines.

The reintroduction of both IRS-1wt and IRS-1F895 restored

FIG. 9. Reconstitution of insulin-induced mitogenesis by transient transfection with GFP–IRS-1wt, but not with GFP–IRS-1F895, construct. (A)
IRS-1-deficient brown adipocytes were transfected with the GFP–IRS-1wt and GFP–IRS-1F895 cDNA constructs as described in Materials and
Methods. A representative image of fluorescent cells is shown. (B) Quiescent cells were stimulated with 10 nM insulin for 5 min, and total cell
lysates were immunoprecipitated (IP) with anti-IRS-1 antibody. The resulting immune complexes were analyzed by Western blotting (WB) with
the anti-Tyr(P) antibody. The position of IRS-1 is indicated. A representative experiment is shown. (C) Quiescent cells (IRS-11/1 and pGFPIRS-
1wt and pGFPIRS-1F895 transfectants) were stimulated with insulin (10 and 100 nM) for 5 min, and total cell lysates were submitted to Western
blot analysis with the anti-phospho MAPK and anti-MAPK antibodies. A representative autoradiogram is shown. (D) Cells were cultured for 24 h
in a serum-free medium either in the absence or presence of insulin (10 to 100 nM). DNA synthesis was determined by [3H]thymidine incorporation
(0.2 mCi/ml) over the last 4 h of culture. After two washes with ice-cold PBS, cells were lysed and trichloroacetate-precipitable DNA was then
counted for incorporated radioactivity. Results are expressed as disintegrations per minute (dpm) per dish and are means 6 standard errors from
six independent experiments, each one performed in triplicate. 1/1, IRS-11/1.
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both SHC tyrosine phosphorylation and IRS-1–SHC associa-
tion upon insulin stimulation, virtually lost in IRS-1-deficient
brown adipocytes. Interestingly, a downstream event, such as
SHC–Grb-2 association, was also recovered accordingly in
both transfectants with the amount of IRS-1 protein content
found in reconstituted cells. More importantly, insulin induced
MAPK phosphorylation and DNA synthesis in IRS-1wt-recon-
stituted cells. However, none of these events could be recov-
ered when the mutant IRS-1F895 was added back to the cells,
indicating that the contribution of SHC signaling to the Grb-
2–Ras–MAPK pathway in these cells is not sufficient to induce
mitogenesis in the absence of IRS-1–Grb-2 signaling. These
results were confirmed in cells transiently expressing these
proteins and selected by fluorescence-activating cell sorting. A
possible explanation to account for these data may arise from
the possible location of SHC and IRS-1 in different cell com-
partments recruiting distinct Grb-2–SOS pools, the IRS-1–
Grb-2–SOS one being indispensable to achieve Ras-MAPK
activation and mitogenesis.

In conclusion, our data demonstrate that the lack of IRS-1
causes an impairment of insulin to stimulate MAPK and mi-
togenesis in brown adipocytes. This impairment is partly over-
come by inhibition of PI 3-kinase and is concurrent with an
enhancement of IRS-2–Grb-2 association. The reconstitution
of IRS-1-deficient brown adipocytes by wild-type IRS-1 but not
by the Y895F IRS-1 mutant completely restores MAPK acti-
vation and mitogenesis in response to insulin, indicating that
IRS-1–Grb-2 association but not SHC–Grb-2 association is an
essential requirement in mediating insulin signaling leading to
MAPK activation and mitogenesis in brown adipocytes.
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