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MAP kinases and mTOR mediate insulin-induced phosphorylation
of Insulin Receptor Substrate-1 on serine residues 307, 612

and 632
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Abstract

Aim/hypothesis. Insulin-induced IRS-1 serine phos-
phorylation could be physiologically important to reg-
ulate insulin action. In a hyperinsulinaemic state such
as obesity or Type 2 diabetes, this phosphorylation
could be modified and exacerbate insulin resistance.
We aimed at identifying serine residues in IRS-1
phosphorylated in response to insulin stimulation and
at determining the involved kinases.

Methods. 3T3-L1 adipocytes, muscle and adipose tis-
sue of mice were subjected to Western Blot analysis
with phosphospecific antibodies to identify phosphor-
ylation sites in IRS-1 following insulin treatment.
Pharmacological inhibitors were used to determine the
serine kinases involved in this phosphorylation.
Results. In 3T3-L1 adipocytes, insulin promoted the
phosphorylation of serine 307, 612 and 632 with Ser-
ine®12/632 more rapidly phosphorylated than Serine307.
Insulin-induced phosphorylation of Serine3?7 was de-
pendent on the activation of a PI 3-kinase/mTOR path-

way. The phosphorylation of Serine®!2/632 required the
activation of the MAP kinase pathway following short-
term insulin stimulation and activation of the PI 3-ki-
nase/mTOR pathway following prolonged insulin stim-
ulation. Phosphorylation of Serine397 and Serine®32 oc-
curred in vivo in skeletal muscle and white adipose tis-
sue of mice injected with insulin and was dependent on
the activation of mTOR. Moreover, inhibition of mTOR
led to a persistent PI 3-kinase activation by insulin.
Conclusion/Interpretation. Insulin-induced IRS-1 ser-
ine phosphorylation is a complex process involving
different sites and kinases. This complexity could be
physiologically important to accurately regulate insu-
lin signalling. Abnormal phosphorylation of these ser-
ine residues in hyperinsulinaemic state could partici-
pate in the down-regulation of insulin signalling. [Dia-
betologia (2003) 46:1532-1542]
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Insulin is the primary hormone involved in glucose
homeostasis, and impairment of both insulin action
and secretion leads to development of Type 2 diabetes
[1, 2]. The earliest abnormality observed in insulin re-
sistance is a decrease in insulin-induced glucose up-
take in skeletal muscle and adipose tissue and a re-
duced ability of the hormone to suppress glucose pro-
duction by the liver [1, 2]. At the early stage of the pa-
thology, pancreatic beta cells can compensate for pe-
ripheral insulin resistance by increasing insulin secre-
tion [1, 3]. However, the persistence of hyperinsulina-
emia might impair insulin action due to the activation
of counter regulatory mechanisms involved in the de-
sensitisation of insulin effect on glucose uptake. It
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could exacerbate the demand for insulin and promote
the development of overt diabetes [1, 4].

Insulin binds to its receptor and increases its tyro-
sine kinase activity leading to the phosphorylation of
several cellular substrates including Shc, APS, Cbl
and the IRS proteins [4]. There are four different iso-
forms of IRS proteins identified which lack intrinsic
catalytic activity but which, following their tyrosine
phosphorylation, bind and activate various proteins
containing SH2 domains. Among them, phosphatidyl-
inositol 3-kinase (PI 3-kinase) is an essential compo-
nent of the insulin signalling system leading to the
stimulation of glucose uptake [4]. Recent works,
based on the use of transgenic animals, suggest that
IRS-1 mediates the insulin effect on glucose uptake in
muscles and adipose tissue [5]. Defects in IRS-1 tyro-
sine phosphorylation have been reported in target tis-
sues of insulin action from insulin-resistant subjects
[6]. Moreover, low amounts of IRS-1 and of its tyro-
sine phosphorylation have been reported in 30% of
subjects at high risk for Type 2 diabetes such as first-
degree relatives of Type 2 diabetic and obese subjects
[6] or in patients with clinical features of insulin-resis-
tant syndrome [7]. Thus, the decrease in IRS-1 content
and tyrosine phosphorylation could be considered as a
marker of insulin-resistant states such as obesity and
Type 2 diabetes. The molecular mechanisms involved
in the decrease in IRS-1 tyrosine phosphorylation in
the insulin-resistant state are not completely identi-
fied. However, a general agreement about a role of the
serine/threonine phosphorylation of IRS-1 is emerging
[2]. Indeed, okadaic acid [8], PMA [9, 10], PDGF [11]
and hyperosmotic stress [12] increase the serine/threo-
nine phosphorylation of IRS-1 and reduce the subse-
quent insulin response. Moreover, free fatty acids and
proinflammatory cytokines such as TNFa [13] pro-
duced during obesity and associated with insulin resis-
tance stimulate the serine phosphorylation of IRS-1.
Although Ser/Thr phosphorylation of IRS-1 was often
linked to a down-regulation of insulin signalling, it
could also positively modulate insulin action [14, 15].
Insulin itself induces the serine phosphorylation of
IRS-1 that could be physiologically important to regu-
late insulin signalling. In hyperinsulinaemic states
such as obesity or Type 2 diabetes, this Ser/Thr phos-
phorylation could be disturbed and exacerbate insulin
resistance.

IRS-1 contains nearly 100 potential serine phos-
phorylation sites and can be phosphorylated by many
kinases in vivo or in vitro [16]. Thus, the identifica-
tion of the serine phosphorylation sites and of the kin-
ases that are involved in insulin resistance is difficult.
Recently, the use of a phosphospecific antibody
against Ser397 in IRS-1 demonstrated that TNFa [17]
and free fatty acids [18] stimulate the phosphorylation
of this site. Mutation of this serine residue prevents
the inhibitory effect of TNFa on insulin-induced IRS-
1 tyrosine phosphorylation [19]. Moreover, it has been
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shown that c-Jun NH2-terminal kinase (JNK) phos-
phorylates the Ser397 resulting in an inhibition of the
interaction between the PTB domain of IRS-1 and the
activated insulin receptor [20].

In this study, we aimed at identifying serine resi-
dues phosphorylated in response to insulin stimulation
and at determining the signalling pathways required
for this process. We used phosphospecific polyclonal
antibodies that specifically recognise phosphorylated
Ser307 Ser¢12 or Ser®32. Ser®!2 and Ser®32 which are
phosphorylated following TPA [9, 10] and TNFa. [21]
treatment respectively, are located at the +4 position
of tyrosine residues in YMXM motif involved in the
binding of PI 3-kinase. Phosphorylation of these tyro-
sine residues (Tyr®8 and Tyr628) is crucial for insulin
induced PI 3-kinase activation and glucose uptake
[22]. Using these antibodies, we show that insulin in-
duces the phosphorylation of these serine residues
both in 3T3-L1 adipocytes and in vivo in skeletal
muscle and adipose tissue suggesting an important
physiological role of these phosphorylations. More-
over, we provide strong evidence that MAP kinases
and mTOR can be involved in the phosphorylation of
these sites.

Materials and methods

Materials. Dulbecco’s modified Eagle medium (DMEM), fetal
calf serum and calf serum were obtained from Invitrogen
SARL (Cergy Pontoise, France). PD-98059 and Rapamycin
were from Calbiochem (La Jolla, Calif., USA). Wortmaninn
was purchased from Sigma (St. Louis, Mo., USA). PVDF
membranes were purchased from Millipore (Bedford, Mass.,
USA). BCA reagent was obtained from Pierce Biotechnology
(Rockford, I1l., USA). Protease inhibitor cocktails were ob-
tained from Roche Diagnostics (Mannheim, Germany). All
other chemical reagents were purchased from Sigma (St Louis,
Mo., USA). Horseradish peroxydase-conjugated secondary an-
tibodies were obtained from Jackson Immunoresearch Labora-
tories (West Grove, Pa., USA). Enhanced chemiluminescence
reagent was purchased from PerkinElmer Life Sciences (Bos-
ton, Mass., USA).

Antibodies. Polyclonal anti-IRS-1 antibody and anti-mTOR an-
tibody (mTAbl) were purchased from UBI (Charlottesville,
Va., USA). Polyclonal anti-phospho IRS-1-Ser®12 antibody
(0pS®12) and anti-phospho-p70 S6 kinase (Thr389) were pur-
chased from Cell Signalling (Cell Signalling Technology,
Mass., USA). Polyclonal anti-phospho-Ser307 antibody
(opS397) was raised against a synthetic peptide (ESIT-
ATpS397PASMVGGK) flanking Ser3%7 in IRS-1 (Eurogentec,
Seraing, Belgium) as previously described [23]. Polyclonal an-
ti-phospho-Ser®32 antibody (0pS632) was raised against the
synthetic peptide (GDYMPMpS032PKSVSAP) flanking Ser632
in IRS-1 (Eurogentec, Seraing, Belgium). Both sequences were
conserved among mouse, rat and human IRS-1.

Cells culture. 3T3-L1 fibroblasts were grown in 35 or 100 mm
dishes in DMEM, 25 mmol/l glucose, 10% calf serum,
50 IU/ml of penicillin and 50 IU/ml of streptomycin and in-
duced to differentiate in adipocytes [11]. Briefly, 2 days after
confluence, medium was changed for DMEM, 25 mmol/l glu-
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cose, 10% fetal calf serum (FCS), 50 IU/ml of penicillin and
50 pg/ml of streptomycin supplemented with isobutylmethyl-
xanthine (0.25 mmol/l), dexamethasone (0.25 umol/l) and in-
sulin (5 pg/ml). The medium was removed after 2 days and re-
placed with DMEM, 25 mmol/l glucose, 10% FCS, 50 umol/l
of penicillin and 50 pg/ml of streptomycin supplemented with
insulin for two other days. Then, the cells were fed every 2
days with DMEM, 25 mmol/l glucose, 10% FCS, 50 IU/ml of
penicillin and 50 pg/ml of streptomycin. 3T3-L1 adipocytes
were used 8—15 days after the beginning of the differentiation
protocol. The medium was changed to serum-free DMEM sup-
plemented with 0.5% (w/v) bovine serum albumin, 16 h before
each experiment.

L6 myoblast cells were grown in MEM supplemented with
10% FCS, 50 IU/ml of penicillin and 50 pg/ml of streptomy-
cin.

Plasmids and transient transfection. The rat IRS-1 cDNA sub-
cloned into pBluescript II KS was obtained from CR Kahn
(Joslin Diabetes Center, Boston, Mass., USA). Ser397 or Ser¢32
in rat IRS-1 was mutated to alanine (IRS-15307A or IRS-156324)
with the QuickChange site-directed mutagenesis kit (Strata-
gene, La Jolla, Calif., USA). The mutation was verified by
DNA sequencing. Wild-type IRS-1, IRS-1(63074) or IRS-
1(86324) were cloned into the eucaryotic expression vector
pCEP-4 under the control of a cytomegalovirus promoter. The
plasmid DNAs were obtained using Qiagen purification kit
(Qiagen, Courteboeuf, France), and their concentrations were
determined by measuring the OD at 260 nm.

L6 myoblast cells were split in 35 mm dishes (200000
cells/dishes) 24 h before transfection. The cells were transfec-
ted with 0.5 pg of plasmid coding for wild-type IRS-1 or mu-
tated IRS-1 per dish (the total amount of plasmid per dish was
adjusted to 2 ug using empty vector), using Fugene 6 accord-
ing to the protocol recommended by the manufacturer. The
cells were used for experiments 48 h after transfection.

Immunoprecipitation and immunoblotting. 3T3-L1 adipocytes
or L6 myoblast cells were serum-starved overnight in
DMEM/0.5% BSA (w/v) and treated without or with insulin
(100 nmol/l) for different periods of time at 37°C. When
present, kinase inhibitors were added 30 min before insulin
stimulation. The cells were washed with ice-cold PBS and
then washed with ice-cold buffer (20 mmol/l Tris pH 7.4,
150 mmol/l NaCl, 5 mmol/l EDTA, 150 mmol/l NaF, and
2 mmol/l sodium orthovanadate) before solubilization for
30 min at 4°C in lysis buffer [20 mmol/l Tris pH 7.4,
150 mmol/l NaCl, 5 mmol/l EDTA, 150 mmol/l NaF,
2 mmol/l sodium orthovanadate, 100 nmol/l okadaic acid,
protease inhibitors, and 1% Triton X-100 (v/v)]. Following
centrifugation at 14000 g for 10 min at 4°C, the supernatant
(cell lysates) was incubated for 4 h at 4°C with anti IRS-1 an-
tibody (5 pg of antibody/sample) preadsorbed on protein-A-
Sepharose beads. The beads were washed three times with
the lysis buffer and boiled for 5 min in Laemmli buffer. The
proteins were separated by SDS-PAGE using a 7.5% resolv-
ing gel. Proteins were transferred to PVDF membrane and the
membrane was blocked with saline buffer (10 mmol/l Tris
pH 7.4, 140 mmol/l NaCl) containing 5% (w/v) non-fat dry
milk for 2 h at room temperature and incubated overnight at
4°C with the indicated antibody. Following incubation with
horseradish-peroxydase conjugated secondary antibodies,
proteins were detected by enhanced chemiluminescence
(ECL). Some membranes were subsequently incubated at
55°C for 30 min in stripping buffer (62 mmol/l Tris pH 6.7,
100 mmol/l 2-mercaptoethanol, and 2% SDS) and reprobed
with the indicated antibody.
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Fig. 1A, B. Insulin induces the phosphorylation of Ser3(7,
Ser®12 and Ser%32 of IRS-1 in 3T3-L1 adipocytes. (A) After se-
rum starvation, 3T3-L1 adipocytes were incubated without or
with insulin (100 nmol/l) for 1 h. Cell lysates were immuno-
precipitated with anti-IRS-1 antibody. Proteins were resolved
by SDS-PAGE and immunoblotted with phosphospecific anti-
bodies (apS) against Ser307, Ser¢!2 or Ser®32. The amount of
IRS-1 in the immunoprecipitation was detected by probing the
membranes with anti-IRS-1 antibody. Representative immuno-
blots of three different experiments are shown. (B) L6 myo-
blasts were transfected with empty vector (mock), pCep IRS-
1wt (wild-type), pCep IRS-1 (S307A) or (S632A). Cells were
incubated without or with insulin (1 umol/l) for 1 h. IRS-1 was
immunoprecipitated from cell lysate and immunoblotted with
apS307 or apS632 antibodies. Membrane was then stripped
and probed with anti-IRS-1 antibody

Animals. Swiss albino male mice (3540 g) were purchased
from Charles River Laboratories (St. Aubin les Elbeuf, France)
and housed at the animal facility at the Faculty of Medicine
(Nice, France). Mice were maintained on a 12 h:12 h light:dark
cycle and were provided free access to water and standard ro-
dent chow. Animals were fasted for 6 h before the beginning of
the experiment. Mice were anaesthetised with pentobarbitone
sodium and intraperitoneally injected in the tail vein with insu-
lin (1 unit/kg). When rapamycin was used, it was injected intra-
peritoneally (1 pg/g) 5 min before insulin injection. Then
20 min after insulin treatment, the mice were killed by cervical
dislocation, and soleus muscles or epididymal fat pads were re-
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Fig. 2. Insulin treatment promotes IRS-1 phosphorylation on
both Ser307 and Ser%32 in skeletal muscle and white adipose tis-
sue. Saline solution or insulin (1 U/kg) was injected intrave-
nously in anaesthetised mice. 20 min later soleus muscles or
epididymal fat pads (WAT) were isolated and homogenised.
IRS-1 was immunoprecipitated and immunoblotted with
opS307 or opS9?2 antibodies. The amount of IRS-1 in the im-
munoprecipitation was quantified by immunoblotting with an-
ti-IRS-1 antibody. Typical autoradiographs representative of
four different experiments are shown

WAT

moved and freeze-clamped in liquid nitrogen. Principles of lab-
oratory animal care were followed and the Ethical Committee
of the Faculty of Medicine approved the animal experiments.

Immunopurification of IRS-1 from soleus muscle and adipose
tissue of mice. Soleus muscle or adipose tissue was homogeni-
sed in lysis buffer (20 mmol/l Tris pH 7.4, 150 mmol/l NaCl,
5 mmol/l EDTA, 150 mmol/l NaF, 2 mmol/l sodium orthovan-
adate, 100 nmol/l okadaic acid, protease inhibitors, and 1%
Triton X-100). We used 1 mg of protein for immunoprecipita-
tion with anti IRS-1 antibody as described above except that
the immunoprecipitation was carried out overnight at 4°C.
Phosphorylation of IRS-1 on Ser37 or Ser®32 was detected with
the anti-phospecific antibodies directed against these sites.

Measurement of PI 3-kinase activity in isolated soleus muscles
of mice. Soleus muscles were isolated from 8- to 12-week-old
male Swiss albino mice. After isolation, muscles were incubated
for 15 min in 1 ml of DMEM/0.5%BSA (w/v) at 37°C. Muscles
were then incubated with vehicle or with rapamycin (40 nmol/l)
for 30 min and then stimulated with insulin (10 nmol/l) for vari-
ous periods of times. Muscles were briefly sonicated in 1 ml of
lysis buffer (20 mmol/l Tris pH 7.4, 150 mmol/l NaCl, 5 mmol/l
EDTA, 150 mmol/l NaF, 2 mmol/l sodium orthovanadate,
100 nmol/l okadaic acid, protease inhibitors, and 1% Nonidet-
P40). Proteins were solubilised for 1 h at 4°C and IRS-1 was im-
munoprecipitated from each sample with anti IRS-1 antibody
(5 pg/sample) pre-adsorbed on protein-A-Sepharose beads. Im-
munoprecipitation was carrried out for 3 h at 4°C and PI 3-ki-
nase activity was measured on immune pellets [24].

Statistical analysis. Statistical analysis was carried out by Stu-
dent’s t-test. A p value of less than 0.05 was considered statis-
tically significant.

Results

Insulin induces the phosphorylation of Serines 307,
612 and 632 of IRS-1 in 3T3-L1 adipocytes. We first
tested whether insulin-stimulated phosphorylation of
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IRS-1 on serines 307, 612 and 632 which are phos-
phorylated in response to different stimuli such as fatty
acids, TNFo or PMA. 3T3-L1 adipocytes were treated
without or with 100 nmol/l insulin for 1 h and IRS-1
was immunopurified and immunoblotted with pho-
sphospecific antibodies against Ser397, Ser®12 or Ser632.
In untreated cells, immunoprecipitated IRS-1 did not
react with the different phosphospecific antibodies. In
contrast, following insulin stimulation, IRS-1 was de-
tected by the three phosphospecific antibodies indicat-
ing that insulin stimulated the phosphorylation of the
different sites (Fig. 1A). The specificity of the antibod-
ies that we have produced was confirmed by express-
ing IRS-1 mutated on Ser3%7 or Ser32 in L6 myoblasts.
Cells were stimulated with 100 nmol/l insulin for 1 h
and immunoprecipitated IRS-1 was immunoblotted
with oapS307 or opSo32 antibody. Following insulin
stimulation of mock transfected cells, endogenous
IRS-1 was weakly detected with opS397or opS932 anti-
bodies since L6 myoblasts express low amounts of
IRS-1. The opS397 or apS93?2 antibodies detected over-
expressed wild-type IRS-1. By contrast, opS307 and
opSo32 antibodies did not recognise over-expressed
IRS-1(5307A) and TRS-1(5632A) regpectively (Fig. 1B).

Insulin promotes IRS-1 phosphorylation on both Ser-
ine 307 and Serine 632 in skeletal muscle and white
adipose tissue in vivo. To assess whether the insulin-
induced phosphorylation of these serine residues was
physiologically relevant, we determined if it occurred
in whole organism and in particular in muscles and
white adipose tissue which play an important role in
the regulation of whole-body glucose uptake. Mice
were injected with insulin (1 U/kg) and soleus mus-
cles and epididymal fat pads were isolated 20 min la-
ter. IRS-1 was immunoprecipitated from the homoge-
nate and immunoblotted with opS307 or apSo32 anti-
bodies. Both Ser307 and Ser32 were phosphorylated
following insulin treatment (Fig. 2). Phosphorylation
of Ser®'2 was not detected with the commercially
available apS®12 antibody.

Insulin induces the phosphorylation of the three ser-
ines residues with different time-courses. We exam-
ined the kinetics of phosphorylation of the three serine
residues in 3T3-L1 adipocytes. Cells were treated with
insulin (100 nmol/l) for various periods of time and
immunopurified IRS-1 was immunoblotted with the
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Fig. 3. Insulin induces the phosphorylation of Ser®12/Ser632
more rapidly than Ser307. After serum starvation, 3T3-L1 adi-
pocytes were stimulated with insulin (100 nmol/l) for different
periods of time. IRS-1 was immunoprecipitated from cell ly-
sate and membranes were separately immunoblotted with the
different phosphospecific antibodies (opS). The amount of
IRS-1 in the immunoprecipitation was detected by probing
each membrane with anti-IRS-1 antibody. Representative im-
munoblots are shown in the left panels. Inmunoreactive bands
were quantified by densitometric scanning analysis and their
intensity was normalised for the amount of total IRS-1. The
time course of phosphorylation of each serine site was ex-
pressed as a percentage of insulin stimulation at 60 min and re-
sults are the means+SEM of six to eight independent experi-
ments (right panels). *Ser307 phosphorylation significantly dif-
ferent from Ser®!2 and Ser%32 phosphorylation with p<0.05;
**Ser307 phosphorylation significantly different from Ser®!2
and Ser%32 phosphorylation with p<0.01

Ins: 0 5 15 30 60

different phosphospecific antibodies. Insulin-induced
phosphorylation of Ser307 was only detected following
15 min of insulin stimulation while phosphorylation
of both Ser®'2 and Ser%¥2 was more rapid since it
reached a maximum following 5 min of insulin treat-
ment (Fig. 3). The phosphorylation of the three sites
was sustained for at least 60 min. The tyrosine phos-
phorylation of IRS-1 paralleled the phosphorylation of
the Ser®!2 and the Ser%32. It should be noted that the
small decrease in IRS-1 phosphorylation following
60 min of insulin stimulation (Fig. 3, left panels) was
due to the decrease in the amount of IRS-1 due to its
rapid degradation. This decrease does not appear
when results are corrected for the amount of total IRS-1
proteins (Fig. 3, right panels).

Modulation of IRS-1 phosphorylation on Serines
307, 612 and 632 by the MAP kinase or the PI 3-ki-
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Fig. 4. MAP kinase activation is required for IRS-1 phosphor-
ylation on Ser®2 and Ser®3? following short-term insulin stimu-
lation. 3T3-L1 adipocytes were pre-treated with vehicle or dif-
ferent pharmacological inhibitors PD98059 (PD, 10 umol/l),
rapamycin (Rap, 40 nmol/l) or wortmannin (Wort, 100 nmol/I)
for 30 min before insulin stimulation (100 nmol/l) for 5 min.
IRS-1 was immunoprecipitated from cell lysate and mem-
branes were separately immunoblotted with opS©!2 or opS632
antibodies. Representative immunoblots are shown (left panel).
Results have been normalised for the amount of IRS-1 present
in the immunoprecipitation and are the means+SEM of three
different experiments (right panel)

nase/mTOR pathways. P1 3-kinase, MAP kinase and
mTOR pathways have been implicated in the phos-
phorylation of IRS-1 in response to different stimuli
[16]. We thus tested which signalling pathway is re-
quired for the phosphorylation of Ser37, Ser®12 and
Ser®32, using the PI 3-kinase inhibitor wortmannin,
the MEK inhibitor PD98059 and the mTOR inhibitor
rapamycin. 3T3-L1 adipocytes were incubated with
the different pharmacological inhibitors before insu-
lin stimulation for 5 min or 1 h. Following 5 min of
insulin stimulation, phosphorylation of Ser®!2 or
Ser632 residues was prevented by PD98059 but not
by wortmannin or rapamycin (Fig. 4) although it was
verified that activation of p70 S6 kinase or PKB was
inhibited. This result indicates that MAP kinase acti-
vation plays a major role in the phosphorylation of
these serine residues after short-term insulin treat-
ment. In contrast, after 1 h of insulin stimulation,
phosphorylation of the three serine residues was in-
hibited by wortmaninn and rapamycin but not by
PD98059 (Fig. 5) although it was verified that MAP
kinase activation was inhibited. This result favoured
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a role of a mTOR dependent signalling pathway
downstream of PI 3-kinase in the phosphorylation of
these serine residues following prolonged insulin
stimulation. Thus, we next investigated whether
mTOR and IRS-1 were able to interact. 3T3-L1 adi-
pocytes were treated with insulin for 30 or 60 min,
IRS-1 was immunoprecipitated and the presence of
mTOR in the immunoprecipitation was assessed by
immunoblotting. Endogenous mTOR co-immunopre-
cipitated with IRS-1 in the absence of insulin treat-
ment and this association was not modified by 30- or
60-min insulin stimulation (Fig. 6). This interaction
is specific since it was not detected with preimmune
1gG alone.

mTOR signalling pathway is involved in insulin-in-
duced phosphorylation of IRS-1 on Serine 307 and
632 in muscle and adipose tissue. We then sought to
determine whether activation of the mTOR signalling
pathway by insulin was required for the phosphoryla-
tion of Ser397 and Ser®? in soleus muscle and white
adipose tissue in vivo. Mice were treated with rapa-
mycin (1 mg/kg) before insulin (1 U/kg) injection.
The insulin-induced phosphorylation of both Ser307
and Ser®2 was totally inhibited in mice treated with
rapamycin compared to control mice both in soleus
muscles and adipose tissue (Fig. 7A). As expected, in-
sulin-stimulated p70 S6 kinases activation, detected
with a phosphospecific antibody against Thr389, was
suppressed (Fig.7B).

Insulin-induced PI 3-kinase activation is sustained in
isolated soleus muscle following inhibition of mTOR
signalling pathway. To assess the functional conse-
quences of the reduced insulin-stimulated IRS-1 phos-
phorylation induced by rapamycin treatment, we mea-
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Fig. 5. IRS-1 phosphorylation on Ser397, Ser6!2 and Ser®3? is
dependent on a PI 3-kinase/mTOR pathway following pro-
longed insulin stimulation. 3T3-L1 adipocytes were pretreated
with vehicle or different pharmacological inhibitors PD98059
(PD, 10 umol/l), rapamycin (Rap, 40 nmol/l) or wortmannin
(Wort, 100 nmol/l) for 30 min before insulin stimulation
(100 nmol/1) for 1 h. IRS-1 was immunoprecipitated from cell
lysate and membranes were separately immunoblotted with the
apS397, opSo1Z or opSe3? antibodies. Left panel, Representa-
tive immunoblots are shown. Right panel, Results have been
normalised for the amount of IRS-1 present in the immunopre-
cipitation and are the means+SEM of three different experi-
ments

sured IRS-1 associated PI 3-kinase activity in soleus
muscles treated with or without insulin for various pe-
riods of time in the presence or absence of rapamycin.
IRS-1-associated PI 3-kinase activity was maximally
stimulated after 5 min insulin stimulation and progres-
sively decreased reaching 35% of maximal activity af-
ter 30 min (Fig. 8). Rapamycin treatment did not af-
fect the acute insulin stimulation (5 min) of PI 3-ki-
nase. However, it dramatically decreased the time-de-

IRS-1 Ser307 phosphorylation

IRS-1 Ser612 phosphorylation

IRS-1 Ser632 phosphorylation
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pendent deactivation of PI 3-kinase activity leading to
a sustained activation of the enzyme.

Discussion

Hyperphosphorylation of IRS-1 on Ser/Thr residues
has been shown to be associated with insulin-resistant
states [16]. Insulin itself can induce the Ser/Thr phos-
phorylation of IRS-1 which can be a physiological
mechanism to regulate insulin signalling. In a hyper-
insulinaemic state, this mechanism could be altered
and could participate to the reduced insulin response
in obesity or Type 2 diabetes. The understanding of
the role of these phosphorylations and the identifica-
tion of the involved kinases are thus a great challenge
to understand better the regulation of insulin signal-
ling and its alteration in an insulin-resistant state. In
this study, we show that insulin induces the phosphor-
ylation of Ser397, Ser6!2 and Ser32 in cells (3T3-L1
adipocytes and L6 myoblasts) and phosphorylation of
Ser307 and Ser%32 in vivo, in skeletal muscle and adi-
pose tissue. These results suggest that these phos-
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Fig. 6. Association between mTOR and IRS-1 in 3T3-L1 adi-
pocytes. 3T3-L1 adipocytes were stimulated with insulin
(100 nmol/1) for 30 or 60 min. IRS-1 was immunoprecipitated
from cell lysate and membrane was immunoblotted with
mTOR antibody (upper panel). The membrane was then
stripped and probed with anti-IRS-1 antibody (lower panel)
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Fig. 7A, B. Rapamycin inhibits insulin-induced phosphoryla-
tion of both Ser307 and Ser%3? in skeletal muscle and adipose
tissue in vivo. Anaesthetised mice were injected intraperitone-
ally with vehicle or rapamycin (1 mg/kg). Mice were injected,
5 min later, intravenously with saline solution or insulin
(1 U/kg). 20 min later, soleus muscles or epididymal fat pads
were isolated and homogenised. (A) IRS-1 was immunoprecip-
itated with a specific antibody and immunoblotted with opS307
or opSo32 antibodies. The amount of IRS-1 in the immunopre-
cipitation was quantified by immunoblotting with anti-IRS-1
antibody. Typical autoradiographs representative of three dif-
ferent experiments are shown. (B) Proteins (50 pg) from cell
lysate obtained from soleus muscle were immunoblotted with a
phosphospecific antibody against Thr389 in p70 S6 kinase to
detect the activation of the kinase
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Fig. 8. Rapamycin treatment prolongs the insulin-induced PI
3-kinase activation in isolated soleus muscles. Mouse soleus
muscles were isolated and incubated with vehicle (circles) or
with rapamycin (40 nmol/l) (squares) for 70 min. Muscles
were stimulated or not with insulin (10 nmol/l) for the last 5,
20, 40 min of incubation. Muscles were then lysed, IRS-1 was
immunoprecipitated and PI 3-kinase activity was measured in
the immune pellet. Results are expressed as fold of the basal
activity measured in the absence of insulin and rapamycin and
are the means+SEM of 6-8 muscles in each condition. * effect
of rapamycin was significant p<0.01

phorylations could be physiologically important since
they occur in the whole animal. It should be noted that
phosphorylation of Ser®!2 was not detected in vivo.
Whether this is due to the lower potency of the anti-
body compared to the two other phosphospecific anti-
bodies or to the lack of insulin effect on the phosphor-
ylation of this serine residue in the whole animal is
still undetermined.

Recent reports have pointed out the importance of
the phosphorylation of Ser307 in the negative regula-
tion of insulin signalling [2]. Indeed, several stimuli,
including TNFa [17], free fatty acids [18], PMA [25]
and osmotic shock [12] increase the phosphorylation
of this residue leading to an insulin-resistant state.
Ser307 is located close to the PTB domain of IRS-1
and its phosphorylation could prevent the interaction
between IRS-1 and the insulin receptor and hence in-
hibit the tyrosine phosphorylation of IRS-1 [20].
Moreover, an increase in the phosphorylation of Ser307
in IRS-1 has been reported in high-fat diet obese mice
[26], suggesting a role of the phosphorylation of this
serine residue in this insulin-resistant state. Ser307 can
be phosphorylated by different kinases such as JNK
[19, 25, 26], a MEK-dependent kinase [23], Inhibitor
Kappa B kinase (IKK-B) [27] or a kinase activated by
the PI 3-kinase [23]. Using pharmacological inhibi-
tors, we found that insulin-induced phosphorylation of
Ser307 was prevented by the inhibition of PI 3-kinase
as previously shown in 3T3-L1 preadipocytes and adi-
pocytes [23]. mTOR is one of the kinases downstream
of PI 3-kinase that has been implicated in down regu-
lation of insulin signalling [16, 28]. Our results show
that insulin-induced phosphorylation of Ser397 re-
quires the activation of mTOR. This pathway seems to
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be the major one used by insulin to induce the phos-
phorylation of Ser397 both in 3T3-L1 adipocytes and
in vivo, as it is in response to hyperosmotic stress
[12]. However, since this serine residue can be phos-
phorylated by different kinases, we cannot completely
rule out that other kinases could be involved in the
phosphorylation of the Ser307. Indeed, JNK is also in-
volved in insulin-induced phosphorylation of Ser3%7 in
3T3-L1 adipocytes although its inhibition only partly
reduced the insulin-induced phosphorylation of Ser307
[29]. This suggests that different kinases are able to
phosphorylate this site in response to insulin. In agree-
ment with this hypothesis, full phosphorylation of
Ser307 in IRS-1 in response to TNFo. required the acti-
vation of both JNK and IKK-B [30].

We also found that mTOR pathway is implied in
the phosphorylation of Ser¢12/Ser%32 following pro-
longed insulin stimulation of 3T3-L1 adipocytes or in
muscles and adipose tissue of insulin-treated mice. Al-
though mTOR activates the p70 S6-kinases 1 and 2
[31], they are unlikely to be involved in the phosphor-
ylation of Ser307, Ser612, Ser632 that are not in the
RXRXXS consensus sequence phosphorylated by
those kinases [32]. Although we cannot exclude the
involvement of an unidentified mTOR-regulated ki-
nase in these phosphorylations, some observations are
in favour of a direct phosphorylation of these sites by
mTOR. Indeed, in agreement with another study [21]
we show that mTOR and IRS-1 are constitutively as-
sociated and mTOR catalyses the phosphorylation of a
set of Ser/Thr-Pro sites, as it is the case for the three
considered serine residues in IRS-1 [31]. Moreover,
TNFa induces the phosphorylation of IRS-1 on Ser632
by a mTOR dependent pathway [21]. In addition to
playing a role in the phosphorylation of these three
sites, the mTOR pathway seems implicated in the
overall serine phosphorylation of IRS-1 since rapamy-
cin treatment completely prevented the shift in the
molecular weight of IRS-1 following prolonged insu-
lin treatment. Importantly, insulin-induced activation
of the mTOR pathway and phosphorylation of the dif-
ferent serine residues seem to be part of a feedback
mechanism used by insulin to terminate its action. In-
deed, we found that inhibition of this pathway by
rapamycin prevented the rapid deactivation of PI 3-ki-
nase in muscle when insulin stimulation is maintained.
In L6 cells, amino acids that activate mTOR dramati-
cally accelerated the time-dependent deactivation of
PI 3-kinase in response to insulin [33]. Finally in 3T3-
L1 adipocytes [12, 28] and in the hepatoma cell line
[34], mTOR inhibition prevents the insulin-induced
degradation of IRS-1 that seems to be linked to the
phosphorylation of the Ser307 [34] and to be regulated
by a balance between serine compared with tyrosine
phosphorylation of IRS-1 [35].

We also found that the MAP kinase pathway was
required for the phosphorylation of Ser612/Ser%32 fol-
lowing short-term insulin stimulation. Thus, as previ-
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ously described for the Ser3%7, several kinases are also
able to phosphorylate these two serine residues. A
first possibility could be that different pools of IRS-1
are phosphorylated. One pool could be rapidly phos-
phorylated by a MAP kinase-dependent pathway and
another one, later on, by a mTOR pathway. Another
hypothesis could be that the two serine residues in
IRS-1 would be rapidly phosphorylated by the MAP
kinase pathway, then dephosphorylated and phosphor-
ylated again following activation of mTOR. The
Ser612 and Ser%32 are located close to two tyrosine res-
idues (Tyr08, Tyr628) which are major phosphorylation
sites involved in the binding of the PI 3-kinase [22,
36] and are required for insulin-stimulated glucose up-
take [22]. Several observations suggest that MAP ki-
nase, by phosphorylating these sites, could negatively
modulate the interaction between IRS-1 and the PI 3-
kinase. Indeed, mutation of these two serine residues
enhances the PI 3-kinase activity associated with IRS-
1 [37] and prevents the inhibitory effect of PDGF on
insulin-induced association of PI 3-kinase with IRS-1
[38]. Phosphorylation of Ser®12 by the ERK in re-
sponse to PMA inhibits insulin-induced IRS-1 tyro-
sine phosphorylation and its subsequent association
with the PI 3-kinase [9, 10]. Moreover, we recently
found that the basal phosphorylation of Ser®3¢ in hu-
man IRS-1 (corresponding to Ser%32 in the rat) was in-
creased in primary cultures of myotubes from patients
with Type 2 diabetes [39]. In parallel, the insulin-in-
duced association of PI 3-kinase with IRS-1 was re-
duced in these cells and the basal activity of MAP ki-
nase was increased [39]. However, we did not observe
a modification of insulin-induced IRS-1 tyrosine
phosphorylation or IRS-1-associated PI 3-kinase ac-
tivity following inhibition of MAP kinase pathway by
the MEK inhibitor PD98059 in 3T3-L1 adipocytes.
Thus, more investigations are required to clarify the
consequence of the phosphorylation of these two ser-
ine residues by MAP kinase after short-term insulin
stimulation.

The complexity of the regulation of IRS-1 Ser/Thr
phosphorylation in response to insulin suggests an
important physiological role to accurately tune the in-
sulin signalling. This process could be important for
the specificity of insulin action. For instance, PIP3
signals have to be precisely regulated both in ampli-
tude and duration to induce the insertion of GLUT4
into the plasma membrane [40]. This regulation could
explain in part the specific effect of insulin on
GLUT4 translocation, compared to other stimuli that
activate PI 3-kinase but not GLUT4 translocation
[40]. Phosphorylation of Ser®!2/Ser®2 in addition to
the phosphorylation of the closely located tyrosine
residues could regulate PI 3-kinase activation to pro-
duce PIP3 signals with a time course and an ampli-
tude which allow for GLUT4 translocation. Phos-
phorylation of Ser3%7 could have a more general role
to favour the dephosphorylation of all tyrosine phos-
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phorylation sites in IRS-1 and thus the end of insulin
signalling. Several factors involved in insulin resis-
tance could take advantage of this process to down-
regulate insulin action [16] and abnormal Ser/Thr
phosphorylation of IRS-1 in obesity or Type 2 diabe-
tes due to hyperinsulinaemia could also exacerbate
the insulin resistance. We provide strong evidence
that mTOR plays a key role in the phosphorylation of
these sites following prolonged insulin stimulation.
mTOR, which is an important mediator for cross-talk
between nutritional signals and metabolic signals of
insulin [41, 42] could play a central role in the regu-
lation of insulin signalling in obesity and Type 2 dia-
betes where the amounts of amino acids and/or glu-
cose are increased and thus could be a pharmacologi-
cal target to reduce insulin resistance.
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