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The TSC1-TSC2/Rheb/Raptor-mTOR/S6K1 cell growth cassette has recently been shown to regulate cell
autonomous insulin and insulin-like growth factor I (IGF-I) sensitivity by transducing a negative feedback
signal that targets insulin receptor substrates 1 and 2 (IRS1 and -2). Using two cell culture models of the
familial hamartoma syndrome, tuberous sclerosis, we show here that Raptor-mTOR and S6K1 are required for
phosphorylation of IRS1 at a subset of serine residues frequently associated with insulin resistance, including
S307, S312, S527, S616, and S636 (of human IRS1). Using loss- and gain-of-function S6K1 constructs, we
demonstrate a requirement for the catalytic activity of S6K1 in both direct and indirect regulation of IRS1
serine phosphorylation. S6K1 phosphorylates IRS1 in vitro on multiple residues showing strong preference for
RXRXXS/T over S/T,P sites. IRS1 is preferentially depleted from the high-speed pellet fraction in TSC1/2-
deficient mouse embryo fibroblasts or in HEK293/293T cells overexpressing Rheb. These studies suggest that,
through serine phosphorylation, Raptor-mTOR and S6K1 cell autonomously promote the depletion of IRS1
from specific intracellular pools in pathological states of insulin and IGF-I resistance and thus potentially in
lesions associated with tuberous sclerosis.

The insulin and insulin-like growth factor I (IGF-I) axes
coordinate systemic nutrient utilization to meet the metabolic
demands of higher organisms and, in so doing, perform essen-
tial roles in tissue growth and homeostasis and in the mainte-
nance of euglycemia. In humans, systemic, non-cell-autono-
mous insulin resistance is a significant clinical feature of
several pathologies, including obesity, dyslipidemia, inflamma-
tion, and infection, and is an ominous etiological prelude to
overt type 2 diabetes. As such, the goal of diabetes research has
been to therapeutically modulate insulin secretion and sensi-
tivity as a means to correct the biochemical deficiencies that
underlie aberrant glycemic control. In addition, the insulin/
IGF-I axis serves a critical cell autonomous role to support cell
and tissue growth, which perhaps has been most dramatically
revealed in genetic studies of Drosophila melanogaster. Several
insulin/IGF-I effectors, including phosphatase and tensin ho-
molog (PTEN), class 1A phosphoinositide 3-kinase (PI3K),
Ras, Akt, tuberous sclerosis gene products 1 and 2 (TSC1 and
TSC2), Ras homology enriched in brain (Rheb), and the
Peutz-Jehgers gene product LKB1, are tumor suppressors or
proto-oncoproteins found mutated in human cancer or predis-
pose to tumor development. Therefore, it is not surprising that
dysregulation of this pathway has considerable oncogenic po-
tential, underscoring the need for its meticulous regulation.

Genetic and biochemical approaches have independently
confirmed novel roles for the Raptor-mTOR/S6K cassette in
the regulation of cell autonomous insulin/IGF-I sensitivity by

inhibiting requisite IRS1/2 function (for reviews, see refer-
ences 8, 14, 28, and 37). This is remarkably overt in cell-based
and animal models of the tumor predisposition syndrome, tu-
berous sclerosis, wherein loss-of-function of the TSC1-TSC2
complex gives rise to pathological hyperactivation of mTOR
and S6K (7, 11, 19, 20, 36, 45, 47) and produces cell-autono-
mous insulin resistance (13, 20, 32, 39). In mouse embryo
fibroblasts (MEFs) derived from TSC1- or TSC2-deficient an-
imals, IRS1 and IRS2 are transcriptionally repressed (13, 39)
through a mechanism requiring S6Ks (13). Cells deficient in
either TSC1 or TSC2 display an accelerated rate of IRS1/2
degradation, which is rapamycin sensitive (39). Further regu-
lation is achieved at the level of IRS1 phosphorylation as
evidenced, in TSC2-null cells, by reduced electrophoretic mo-
bility and S6K-regulated phosphorylation of IRS1 at S307 (13).
Thus, TSC deficiency produces a robust state of insulin resis-
tance by coordinating multiple negative regulatory inputs that
converge on IRS1/2. Accordingly, little insulin or IGF-I-induc-
ible PI3K activation is detected in TSC1�/� and TSC2�/�

MEFs (13, 39), potentially explaining why Akt activation is
repressed in tumors from the Eker rat model of tuberous
sclerosis (20). It has been suggested that this may underlie the
low frequency with which TSC lesions progress to malignancy
(13) and may account for the hypersusceptibility of TSC1/2-
deficient cells to apoptotic stimuli (13, 17, 39).

In the present study, we find that multiple components of
the cell growth axis interact functionally with IRS1, affecting
the phosphorylation of a subset of serine residues found fre-
quently associated with insulin resistance. We corroborate the
earlier finding that S6K1 directly phosphorylates IRS1 at S307
(13) and provide new evidence that S6K1 may phosphorylate
IRS1 at S527 and potentially at additional residues in vivo.
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Despite the inability of S6K1 to phosphorylate IRS1 at the
proline-directed sites—S312, S616, and S636/S639—in vitro,
surprisingly, phosphorylation of these sites in vivo requires
S6K1 activity. We present evidence that these phosphoryla-
tions promote the rapamycin-sensitive depletion of IRS1 from
the high-speed pellet (HSP) fraction, providing a molecular
explanation for the cell-autonomous insulin resistance ob-
served in models of tuberous sclerosis.

MATERIALS AND METHODS

Antibodies and reagents. The following antibodies were purchased from Cell
Signaling Technology: pIRS1-[S616], pIRS1-[S636/S639], pRPS6-[S240/S244], and
Akt substrate pSub-[RxRxxS/T]. The pIRS1-[S312], pS6K1-[T389], and p[Y]
(clone 4G10) antibodies were purchased from Upstate Biotechnology. pIRS1-
[S527] was purchased from Rockland Immunochemicals. IRS1 antibody was
purchased from Santa Cruz Biotechnology. pIRS1-[S307] was generously pro-
vided by Jongsoon Lee (Harvard Medical School). Anti-Flag (clone M2) and
anti-�-tubulin antibodies were purchased from Sigma. Anti-Myc (clone 9E10)
and anti-HA (clone 12CA5) antibodies were prepared from ascites. Rapamycin
and insulin were purchased from Sigma. clasto-lactacystin-�-lactone was pur-
chased from Boston Biochem.

Plasmids and construction. pcDNA3-IRS1 was kindly provided by Peter van
der Geer (University of California, San Diego). Flag-IRS1 was generated by
insertion of the 5�-Flag epitope by site-directed mutagenesis. Individual IRS1
point mutations and deletions were generated similarly using pcDNA3-Flag-
IRS1 as the template. pRK5-Myc-mTOR(D2357E) was kindly provided by
David Sabatini (Whitehead Institute, Massachusetts Institute of Technology).
pRK7-HA-S6K1, pRK7-HA-S6K1(ED3E), pRK7-HA-S6K1(K100Q), pcDNA3-
HA-S6K2, and pcDNA3-HA-S6K2(K112R) were generously supplied by John
Blenis (Harvard Medical School). pRK5-Myc-Rheb was a gift from Paul Worley
(Johns Hopkins University). pRK5-Myc-Rheb(I39K) and pRK5-Myc-Rheb(Q64L)
were generated by site-directed mutagenesis and have been described else-
where (39).

Cell culture and gene expression. TSC1�/�/p53�/�, TSC2�/�/p53�/�, and
p53�/� MEFs were graciously provided by David Kwiatkowski (Harvard Medical
School) and were propagated in Dulbecco modified Eagle medium supple-
mented with 10% (vol/vol) fetal calf serum and ciprofloxacin. The TSC2�/� (R2)
and TSC2�/� (R4) cell lines have been described elsewhere (39). HEK293 and
HEK293T cells were acquired from the American Type Culture Collection and
were maintained and passaged in Dulbecco modified Eagle medium supple-
mented with 10% fetal calf serum (vol/vol) and ciprofloxacin. HEK293 and
HEK293T cells were transiently transfected by lipofection using Effectene trans-
fection reagent (QIAGEN) according to the manufacturer’s protocol. Cells were
processed and analyzed at 48 to 72 h posttransfection.

Cell lysis and immunoprecipitation. Cells were harvested by scraping in stan-
dard lysis buffer (40 mM HEPES [pH 7.5], 120 mM NaCl, 1% NP-40 [vol/vol] 1
mM EDTA, 10 mM pyrophosphate, 10 mM �-glycerophosphate, 50 mM NaF, 1
mM dithiothreitol [DTT], 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride,
1 �g of leupeptin/ml, and 1 �g of aprotinin/ml). Lysates were rotated end-over-
end at 4°C for 20 min and clarified by centrifugation at 15,000 � g for 15 min.
Protein concentrations were determined spectrophotometrically using a DC pro-
tein assay kit (Bio-Rad). Lysates were either mixed with sample buffer and
heated to 100°C for 5 min or subjected to immunoprecipitation.

For immunoprecipitation, precleared lysates normalized for cell protein were
incubated with the appropriate antibody and mixed end-over-end for 2 h or
overnight at 4°C. Protein A-agarose or protein G-agarose beads were added for
an additional hour, and immune complexes were isolated by centrifugation.
Immunoprecipitates were washed three times with lysis buffer and heated for 5
min to 100°C in sample buffer or subjected to in vitro phosphorylation.

Subcellular fractionation. An HSP comprised of crude cell membranes and
cytoskeletal components was separated from cytosol by differential centrifuga-
tion of postnuclear hypotonic lysates. Briefly, cells were rinsed in ice-cold phos-
phate-buffered saline and scraped in hypotonic lysis buffer (10 mM HEPES pH
7.4, 10 mM KCl, 1.5 mM MgCl2, 100 �M EGTA, 20 mM NaF, 200 �M Na3VO4,
1 mM phenylmethylsulfonyl fluoride, 1 �g of leupeptin/ml, and 1 �g of aprotinin/
ml) and then extracted by Dounce homogenization with 100 strokes using a
type-B pestle. Nuclei and unbroken cells were cleared from the extract by
centrifugation at 3,000 � g for 5 min. The postnuclear supernatant was fraction-
ated into the HSP and cytosol by ultracentrifugation at 175,000 � g for 1.25 h.
When necessary, the cytosolic fraction was concentrated by using a Centricon-5

(5-kDa molecular mass cutoff) centrifugal filter (Millipore). The HSP was solu-
bilized in standard lysis buffer on a vortex shaker for 20 min. Insoluble material
was then removed from the HSP fraction by centrifugation at 15,000 � g for 15
min. Protein concentrations were determined spectrophotometrically using a DC
protein assay kit (Bio-Rad). Lysates were mixed with sample buffer and heated
to 100°C for 5 min.

In vitro phosphorylation of IRS1 by S6K1. To prepare the substrate, Flag
epitope-tagged wild-type or mutant IRS1 was expressed in HEK293T cells and
immunoprecipitated overnight from precleared lysates using anti-Flag (M2) an-
tibody. The immune complexes were washed three times with lysis buffer and
three times with phosphatase reaction buffer (50 mM Tris-HCl [pH 7.5], 100 �M
disodium EDTA, 5 mM DTT, 0.01% [vol/vol] Brij 35). Dephosphorylation was
carried out overnight at 25°C in phosphatase reaction buffer using recombinant
� protein phosphatase (400 U/reaction). Immune complexes were then washed
three times with lysis buffer and three times with kinase assay buffer (20 mM
morpholinepropanesulfonic acid [pH 7.2], 25 mM �-glycerol phosphate, 5 mM
EGTA, 5 mM Na3VO4, 5 mM DTT).

HA-S6K1 was expressed in HEK293T cells, and the cells were either left
untreated or cultured in the presence of 100 nM rapamycin for 1 h. Cell lysates
were prepared, and HA-S6K1 was immunoprecipitated from precleared lysates
overnight at 4°C with anti-HA (12CA5) antibody. Immune complexes were
washed three times with lysis buffer and three times with kinase assay buffer.
Anti-Flag and anti-HA immunoprecipitates were then combined and assayed for
in vitro phosphorylation. Kinase assays were performed for 30 min at 30°C in the
presence of 18.75 mM MgCl2, 125 �M unlabeled ATP, and 10 �Ci of [	-32P]ATP
(3,000 Ci/mmol). Alternatively, S6K1 was assayed in anti-HA immunoprecipi-
tates using a synthetic RXRXXS/T substrate peptide (AKRRRLSSLRA; 50
�M). The incorporation of 32P into the peptide was measured by liquid scintil-
lation counting as previously described (38).

Phosphopeptide mapping and phosphoamino acid analysis. Phosphopeptide
mapping and phosphoamino analysis was carried out essentially as detailed
elsewhere (2). Briefly, Flag-IRS1 phosphorylated in vitro by S6K1 was separated
from other contaminating proteins by immunoprecipitation with anti-Flag anti-
body, followed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis. The resulting gel was dried and subjected to autoradiography. Radio-
labeled Flag-IRS1 was then excised and twice serially extracted from the gel in
elution buffer (50 mM NH4HCO3 [pH 7.5], 1% [vol/vol] �-mercaptoethanol, and
0.2% [vol/vol] SDS) overnight. Flag-IRS1 was precipitated from the eluate with
trichloroacetic acid in the presence of 20 �g of RNase A as the carrier protein
for 1 h on ice. Precipitates were washed with 100% ice-cold ethanol and then
allowed to air dry. Methionine and cysteine residues were oxidized in performic
acid for 1 h on ice. This preparation was subjected to two rounds of digestion
with TPCK (tolylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin, and
the residual NH4HCO3 was removed by four successive rounds of lyophilization.
The phosphopeptides were dissolved in pH 1.9 buffer (2.2% [vol/vol] formic acid
and 7.8% glacial acetic acid [pH 1.9]) and spotted onto cellulose thin-layer
chromatography plates. The peptides were then separated in the electrophoretic
dimension by high-voltage electrophoresis (1,000 V) for 45 min in pH 1.9 buffer.
The plates were dried for 1 h, and peptides were separated in the chromato-
graphic dimension in phosphochromotography buffer (37.5% n-butanol [vol/vol],
25% pyridine [vol/vol], 7.5% glacial acetic acid) overnight. Phosphopeptide maps
were visualized by autoradiography.

For phosphoamino acid analysis, approximately 300 cpm of labeled and oxi-
dized IRS1 was lyophilized, dissolved in 6 N HCl, and heated to 110°C for 1 h.
The resulting phosphoamino acids, together with exogenously added phospho-
serine, phosphothreonine, and phosphotyrosine standards, were separated by
two-dimensional high-voltage electrophoresis. Phosphoamino acids were visual-
ized by ninhydrin staining and autoradiography.

RESULTS

S6K1 acts genetically downstream of Rheb and Raptor-
mTOR to induce IRS1 serine phosphorylation. Because of the
retarded migration of IRS proteins from TSC2-deficient MEFs
during SDS-polyacrylamide gel electrophoresis (13), we rea-
soned that, owing to the size of IRS proteins (
180 kDa),
phosphorylation at multiple residues is likely to account for the
shift in mobility. Due to transcriptional repression and en-
hanced protein turnover, the endogenous level of IRS1 in
these cells is greatly diminished (13, 39). Therefore, in order to
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obtain a sufficient amount of IRS1 to assay for phosphoryla-
tion, IRS1 was immunoprecipitated prior to analysis. Using an
antibody panel directed against multiple serine phosphoryla-
tion sites known to be linked to various states of insulin resis-
tance and highly conserved between IRS1 and IRS2, the phos-

phorylation of a number of residues (S307, S312, S527, S616,
and S636/S639) was found to be significantly induced in TSC-
deficient cells compared to wild-type controls (Fig. 1A). More-
over, the phosphorylation of each of these sites was inhibited in
cells exposed to rapamycin for 1 h, indicating acute regulation

FIG. 1. The TSC/Rheb/Raptor-mTOR/S6K regulates IRS1 serine phosphorylation. (A) TSC1-null, TSC2-null, or wild-type (�/�) MEFs were
cultured in serum-free medium overnight, followed by the addition of 100 nM rapamycin for 1 h. IRS1 was immunoprecipitated and immuno-
blotted with the indicated antibodies. (B) HEK293 cells were cotransfected with Flag-IRS1 and either empty vector (pRK5) or individual
Myc-Rheb constructs as indicated. Lysates were prepared from serum-starved cells, and immunoblot analysis of exogenous and endogenous
proteins was carried out. Under these conditions, endogenous IRS1 phosphorylation is insignificant. (C) A dominant-interfering allele of
Myc-mTOR (KD) was included in transfections of HEK293 with Flag-IRS1 and Myc-Rheb. (D) Flag-IRS1 was coexpressed with Myc-Rheb in
HEK293 cells in the presence or absence of wild-type or dominant-interfering alleles of HA-S6K1 or HA-S6K2. Cells were deprived of serum
overnight prior to harvest. (E) Flag-IRS1 was coexpressed with Myc-Rheb and a rapamycin-resistant allele of HA-S6K1 (ED3E). Serum-starved
cells were treated or not treated with 100 nM rapamycin for 1 h prior to lysis.
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by Raptor-mTOR downstream of the TSC1-TSC2 complex.
The phosphorylated residues assayed fall into two general sub-
strate contexts: RXRXXS/T (S307, S527, and S1101), often
regarded as an Akt phosphorylation consensus, and S/T,P
(S312, S616, and S636), a motif preferred by proline-directed
kinases (boldface residues are phosphorylated). Multiple
RXRXXS/T sites are present in IRS1, not all of which exhib-
ited elevated phosphorylation, however, in TSC1/2-null cells
(e.g., S1101 [Fig. 2A], a site reportedly phosphorylated by
PKC� [24]).

Natural mutations in the TSC2 GAP domain cause disease
and disrupt the in vitro Rheb GAP activity of TSC2 (9, 42, 48),
suggesting that GTP loading of Rheb is an important aspect of
the molecular pathogenesis of tumor formation in tuberous
sclerosis. Since the cellular Rheb GAP activity provided by
TSC2 is limiting, when overexpressed, Rheb accumulates in
the active form (16, 23, 25). In HEK293 cells, ectopic expres-
sion of wild-type Rheb or an activated variant that is heavily
GTP-charged (Q64L [23]) induced phosphorylation of the
RxRxxS/T site S307 and the S/T,P sites S312, S616, and S636/
S639 (Fig. 1B), representing the same subset of IRS1 phos-
phorylation sites detected in TSC1/2-null MEFs (Fig. 2A). In
contrast, an inactive Rheb mutant in which the switch I domain
has been disabled (I39K [25]) failed to stimulate the phosphor-
ylation of any of these sites (Fig. 1B). Phosphorylation of IRS1
at S1101 was not affected in HEK293 cells expressing Rheb
(data not shown), similar to observations of TSC1/2-deficient
MEFs (Fig. 1A). The basal phosphorylation of S527 in ectopic
IRS1 was substantially elevated when overexpressed, con-
founding our attempts to determine whether Rheb genuinely
induced phosphorylation of this site. IRS1 serine phosphory-
lation closely correlated with endogenous S6 phosphorylation,
indicating that the activation of endogenous S6K1 was also
induced by Rheb (Fig. 1B).

To establish that Raptor-mTOR is necessary for Rheb-in-
duced IRS1 phosphorylation at this collection of residues, two
criteria were satisfied: a sensitivity to rapamycin (Fig. 1E) and
genetic interference by dominant-negative, kinase-deficient
mTOR (Fig. 1C). Once again, endogenous S6 phosphorylation
tightly followed IRS1 serine phosphorylation under these con-
ditions (Fig. 1C and E).

In TSC1/2-null cells and in cells ectopically expressing Rheb,
S6K1 is highly active and yet remains sensitive to rapamycin
(11, 19, 21, 30, 36, 47). In fact, by virtue of its TOS motif and
C-terminal tail, S6K1 is a direct substrate of Raptor-mTOR,
which phosphorylates T389 within the S6K1 hydrophobic motif
(1). The tight correlation between endogenous S6 phosphory-
lation and IRS1 phosphorylation in cells expressing Rheb sug-
gested that S6K1 might signal to IRS1 distal to the TSC1-TSC2
complex, Rheb, and Raptor-mTOR. We therefore coexpressed
IRS1 and Rheb with S6K1 or S6K2 and sought to determine
whether expression of wild-type S6K could potentiate IRS1
phosphorylation and, conversely, whether kinase-dead S6K
could inhibit IRS1 phosphorylation at the subset of Rheb-
inducible sites. Whereas the expression of Rheb enhanced
IRS1 serine phosphorylation of all sites assayed, the addition
of wild-type S6K1 or S6K2 only potentiated the phosphoryla-
tion of S307 (Fig. 1D). This finding is consistent with S6K1
directly phosphorylating IRS1 at S307 (reference 13 and see
below). Rheb induced maximal phosphorylation of endoge-

nous S6, as ectopic S6K1 or S6K2 did not further augment this
effect. Surprisingly, coexpression of kinase-dead S6K alleles,
particularly S6K1, inhibited not only the phosphorylation of
S307 but of other sites as well, including S312, S616, and
S636/S639, indicating that S6K1 function is necessary for IRS1
phosphorylation at the entire Rheb-regulated subset of sites.
These data are in accord with those of Um et al. (46), who
demonstrated that siRNA-mediated knockdown of S6K1 re-
duces phosphorylation of human IRS1 at S312 and S636/S639
in insulin-treated HeLa cells (46). We further validated the
involvement of S6K1 in IRS1 phosphorylation utilizing a ra-
pamycin-resistant, gain-of-function S6K1 mutant (ED3E).
Whereas treatment of cells with rapamycin inhibited IRS1
serine phosphorylation at all Rheb-regulated residues, coex-
pression of S6K1-ED3E, completely rescued phosphorylation
of S307 and partially rescued S312, S616, and S636/S639 after
rapamycin treatment (Fig. 1E).

S6K1 phosphorylates IRS1 in vitro. The observation that
S6K1 modulates the phosphorylation status of several residues
raises the possibility that S6K1 may directly phosphorylate
IRS1 at these sites. IRS1 was an excellent substrate for S6K1
since tryptic phosphopeptide maps of in vitro phosphorylated
IRS1 revealed at least 15 phosphopeptides, which could cor-
respond to as many as 15 sites of phosphorylation (Fig. 2A).
Furthermore, phosphoamino acid analysis indicated that
serine phosphorylation accounted for the bulk of phosphate
incorporation (Fig. 2B). To begin to ascertain which residues
were phosphorylated by S6K1 in vitro, wild-type IRS1 and a
panel of IRS1 constructs bearing alanine substitutions at serine
phosphorylation sites detected in vivo [S307A, S312A, and
S616A/S636A/S666A/S736A (4A)] were assayed for 32P incor-
poration and site-specific phosphorylation. Generally, 32P in-
corporation was similar between wild-type and S3A IRS1
mutants (lane 1 versus lanes 3, 5, and 7), although a slight
reduction was noted for the S307A mutant (lane 1 versus lane
3), suggesting that S307 represents a major site of phosphory-
lation (Fig. 2D). S6K1 showed a strong preference for the
phosphorylation of sites in an RXRXXS/T over S/T,P context
since S307, S527, and S1101 were readily phosphorylated in a
rapamycin-sensitive manner (Fig. 2D), as was an RXRXXS/T
peptide substrate (Fig. 2C). Furthermore, an antibody raised
against a generic RXRXXS/T phosphorylation consensus rec-
ognized IRS1 when phosphorylated by S6K1 (Fig. 2D). On the
other hand, no phosphorylation of S/T,P sites was detected in
this assay, suggesting that S312, S616, and S636/S639 are not
likely to be phosphorylated by S6K1 in vivo. Given that phos-
phorylation of S1101 was not upregulated in TSC1/2-deficient
MEFs (Fig. 1A), the in vitro phosphorylation of this residue
likely represents nonphysiological phosphorylation. Although
some of the other phosphopeptides in the map might also be
due to phosphorylation of nonphysiological sites, it seems
likely that S6K1 can phosphorylate IRS1 at residues in addi-
tion to S307 and S527 in vivo.

IRS1 depletion from the HSP fraction is regulated through
serine phosphorylation. Most IRS1 in the cell appears to exist
in two subcellular fractions: the cytosol and the HSP (also
called the low-density membrane fraction). Because of the
appearance in the HSP of tyrosine-phosphorylated IRS1 and
IRS1-associated p85 and PI3K activity during acute and sus-
tained insulin stimulation, the HSP likely represents the active
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FIG. 2. In vitro phosphorylation of IRS1 by S6K1. (A) Wild-type Flag-IRS1 was expressed in HEK293T cells, purified, and dephosphorylated
as indicated in Materials and Methods. HA-S6K1 was separately coexpressed with Myc-Rheb in HEK293T cells, which were treated or not for 1 h
with 100 nM rapamycin. HA-S6K1 was subsequently purified and combined with dephosphorylated Flag-IRS1. Phosphopeptide mapping of the
in vitro phosphorylation product was then carried out. Panels show S6K1 phosphorylation of IRS1 before (i) and after (ii) rapamycin treatment.
Panel iii schematically represents the distribution of rapamycin-sensitive phosphopeptides. (B) Phosphoamino acid analysis of in vitro S6K1-
phosphorylated Flag-IRS1 before (left panel) and after (middle panel) rapamycin treatment. The right panel shows schematically the distribution
of rapamycin-sensitive phosphoamino acids. (C) HA-S6K1 was prepared as described in panel A and used to phosphorylate an RXRXXS/T
peptide substrate. The relative kinase activity toward this peptide is presented. (D) Wild-type, S307A, S312A, and 4A (S616A/S636A/S666A/
S736A) Flag-IRS1 constructs were expressed in HEK293T cells, purified, and dephosphorylated as in panel A. These substrates were mixed with
HA-S6K1 expressed in and purified from HEK293T cells coexpressing Myc-Rheb before and after treatment with 100 nM rapamycin for 1 h. In
vitro phosphorylation was then carried out, and 32P incorporation was monitored by autoradiography. Aliquots from the same reaction were
subjected to immunoblot analysis to determine expression level and site-specific phosphorylation.
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signaling fraction of IRS1 (4, 5, 18, 41). We previously ob-
served increased IRS1/2 degradation rates in TSC1/2-deficient
cells (39) and therefore sought to determine whether Raptor-
mTOR and S6K1 could promote IRS1 depletion from a par-
ticular intracellular fraction in models of tuberous sclerosis.
IRS1 was surveyed in HSP and cytosolic fractions of post-
nuclear, hypotonic lysates prepared from TSC1�/�, TSC2�/�,
and wild-type MEFs. In wild-type cells at steady-state, most
cellular IRS1 was retained in the HSP fraction, with �30%
present in cytosol, comparing these fractions normalized for
total protein (Fig. 3A). As previously shown, total IRS1 was
reduced in TSC1/2-deficient cells (13, 39), but, critically, the
proportion of total IRS1 in the HSP was substantially de-
creased. Treatment of TSC2�/� MEFs with rapamycin for 24 h
restored IRS1 in the HSP to wild-type levels (Fig. 3B, lane 3
versus lane 1), as did retroviral vector reconstitution of TSC2-
null cells with wild-type TSC2 (Fig. 3B, lanes 4 and 5 versus
lane 1). Similar to the effects of TSC deficiency, we noted that
ectopic expression of Rheb in HEK293 cells reduced the abun-

dance of endogenous IRS1 (39) (Fig. 3C). Despite this, the
ratio of HSP to cytosolic IRS1 recapitulated that observed in
TSC-deficient cells (see Fig. 3A) and was reversed by a 24-h
rapamycin treatment (Fig. 3C), indicating that the Raptor-
mTOR complex regulates the abundance of IRS1 in the HSP
and thus the active fraction of IRS1.

To determine whether the Raptor-mTOR- and S6K1-regu-
lated phosphorylation sites identified in the present study are
required for retention of IRS1 in the HSP, we collectively
mutated these residues to alanine [S307A/S312A/S616A/
S636A/S666A/S736A (6A)] and monitored the subcellular dis-
tribution of IRS1. Although a portion of exogenous IRS1 par-
titioned to the cytosolic fraction when coexpressed with Rheb,
the 6A mutant failed to do so (Fig. 3D), suggesting that site-
specific serine phosphorylation of IRS1 regulates subcellular
distribution in this cell culture model. We have consistently
failed to observe, in contrast to findings with endogenous
IRS1, a decrease in the total abundance of ectopic IRS1 when
coexpressed with Rheb in HEK293 cells. Presumably, this is

FIG. 3. Depletion of IRS1 from the HSP fraction in TSC1/2-null or Rheb-overexpressing cells. (A) TSC1�/�, TSC2�/�, and wild-type MEFs
were deprived of serum for 4 h and then lysed under hypotonic conditions and fractionated into HSP and cytosolic (CYT) components. Equivalent
amounts of cell protein were loaded, and the ratio of HSP to cytosolic IRS1 was calculated (as shown in a histogram). (B) IRS1 was detected in
the HSP fraction from TSC2�/� MEFs, TSC2�/� MEFs, TSC2�/� MEFs treated with 100 nM rapamycin for 24 h, and two clonal lines of TSC2�/�

MEFs reconstituted with retroviral TSC2 (R2 and R4). (C) HEK293 cells were transfected with empty vector or Myc-Rheb and serum deprived
overnight in the presence or absence of 100 nM rapamycin. Quantitation of the HSP/cytosolic ratio of endogenous IRS1 was calculated and is
presented in the accompanying histogram. (D) HEK293 cells were cotransfected with either empty vector or Myc-Rheb and wild-type or 6A
(S307A/S312A/S616A/S636A/S666A/S736A) Flag-IRS1. Equivalent amounts of protein were loaded for each panel. However, the abundance of
detectable Flag-IRS1 is lower in the cytosolic fraction, presumably because it is not as tightly regulated when overexpressed. The relative ratios
of HSP to cytosolic exogenous Flag-IRS1 were then calculated and are presented in the histogram to the right.
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due to the limiting ability of the endogenous destruction ma-
chinery to turn over an expanded pool of IRS1 in HEK293
cells. In contrast, exogenous Flag-IRS1 was specifically de-
pleted from the HSP when coexpressed with Rheb in
HEK293T cells (Fig. 4A), an effect that was reversed by rapa-
mycin or expression of kinase-dead mTOR (Fig. 4B). Al-
though the proteasome inhibitor, clasto-lactacystin-�-lac-
tone, stabilized Flag-IRS1 in drug-treated cells, we were
surprised to find that this occurred in the HSP (Fig. 4B),
suggesting that IRS1 turnover may take place in different
cellular compartments depending on cell type. Analysis of a
set of Flag-IRS1 S3A mutants coexpressed with Rheb in
HEK293T cells highlights the important roles played by
individual phosphorylations (Fig. 4C). S307A and S307A/
S312A mutants both partially resisted depletion from the

HSP in Rheb-expressing cells, as did the quadruple alanine
mutant (4A), where all four PI3K-flanking SP sites were
substituted. Combining the S307A/S312A and 4A mutations
(6A) did not further enhance IRS1 retention in the HSP.

DISCUSSION

Regulation of IRS1 serine phosphorylation by S6Ks. The
TSC1-TSC2 complex performs an integral function in insulin
and IGF-I signal transduction and therefore presumably in
retrograde regulation as well. Functionally, TSC deficiency or
ectopic Rheb expression resembles a state of hyperinsulinemia
or chronic insulin action insofar as constitutive feedback reg-
ulation is enforced. Indeed, several studies have found that
insulin-induced serine phosphorylation of IRS1/2 is highly sen-

FIG. 4. IRS1 depletion from the HSP in HEK293T cells. (A) HEK293T cells expressing Flag-IRS1 and/or Myc-Rheb were serum deprived for
4 h and then fractionated and immunoblotted with anti-Flag antibody. (B) HEK293T cells transfected with Flag-IRS1 were cotransfected with
empty vector or Myc-Rheb and Myc-mTOR (KD) as indicated. Cells were either left untreated or cultured in the presence 100 nM rapamycin or
5 �M clasto-lactacystin-�-lactone (CL�L) for 48 h. (C) Myc-Rheb was coexpressed with a panel of Flag-IRS1 mutants (defined in the legend of
Fig. 2D and 3D) as indicated. The HSP fraction was prepared and immunoblotted with anti-Flag antibodies. The expressions of these mutants are
similar at steady state (data not shown). (D) Proposed model for IRS1 regulation in the context of TSC deficiency. When TSC1 or TSC2 is
inactivated, signaling through the Rheb/Raptor-mTOR/S6K axis is constitutive. S6K directly phosphorylates IRS1 on the RXRXXS/T site, S307
and potentially S527 (solid arrows) but not S1101. Raptor-mTOR or other kinases phosphorylate IRS1 on the S/T,P sites, S312, S616, and S636/9,
which is somehow indirectly regulated by S6K1 (hatched arrows. The phosphorylation of these sites collectively contributes to the depletion of IRS1
from the HSP fraction. This either involves phosphorylation-mediated redistribution of IRS1 from the HSP to the cytosol, where it is subsequently
degraded, or degradation directly in the HSP. The mode of IRS1 turnover is likely to be cell type dependent. IRS1 turnover produces
cell-autonomous insensitivity to insulin or IGF-I.
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sitive to rapamycin (3, 10, 12, 43), particularly during the pe-
riod where S6Ks are most active (
30 min poststimulation).
S6K1 is an essential effector for retrograde regulation of IRS1,
as demonstrated by the finding that siRNA-directed S6K1
knockdown precludes insulin-induced phosphorylation of S307,
S312, and S636/S639 (13, 46). Our data further indicate that
the kinase activity of S6K1 is required for both direct and
indirect regulation of IRS1 through serine phosphorylation.

We have confirmed the conclusion that IRS1 S307 is direct
S6K target site in cell culture models of tuberous sclerosis (13)
and expanded this original observation to show that S6K1 can
phosphorylate several additional residues in IRS1, with S527
being a second potential in vivo site in this model. The phos-
phorylation of S527 by S6K1 may be linked and, perhaps
unique to, model systems in which the Raptor-mTOR/S6K axis
is pathologically active. Under such conditions, S6Ks may
“promiscuously” phosphorylate substrates that are not other-
wise recognized when their activity is held in check. In support
of this hypothesis, rapamycin fails to inhibit insulin-induced
S527 phosphorylation in C2C12 myotubes (data not shown)
and yet reproducibly does so in TSC1/2-deficient MEFs (Fig.
1A). In HEK293 cells, we have consistently observed elevated
basal phosphorylation of all IRS1 sites evaluated in the present
study when IRS1 is ectopically expressed. This is especially
true for S527, for which we were unable to observe strong
induction with coexpressed Rheb, and thus our further in vivo
characterization of this site was limited.

Our finding that the expression of wild-type, but not kinase-
deficient, S6K1 not only induced phosphorylation of S307, a
direct RxRxxS/T target site, but also the phosphorylation of
S312, S616, and S636/S639, which are SP sites, is unexpected
and suggests that S6Ks facilitate phosphorylation of IRS1
through the activation of a S312/616/636 proline-directed ki-
nase or inhibition of a phosphatase that dephosphorylates
these sites. Alternatively, phosphorylation of IRS1 by S6Ks
could induce an IRS1 conformation permissive for phosphor-
ylation by proline-directed kinases, such as mitogen-activated
protein kinases (12, 22). Tzatsos and Kandror (44) have re-
cently shown that Raptor-mTOR can phosphorylate IRS1
S636/S639 in vitro and further demonstrated that Raptor
siRNA inhibits basal and Rheb-induced phosphorylation of
this site. It was also shown by this group that kinase-dead S6K1
suppressed the serum-induced phosphorylation of this site and
S307, suggesting that S6K1 is indeed required for this phos-
phorylation (44). We have further substantiated a role for
S6K1 in controlling S307, S312, S616, and S636/S639 by show-
ing that a highly active, rapamycin-resistant, gain-of-function
S6K1 allele (S6K1-ED3E) not only induced the phosphoryla-
tion of these residues but did so in the presence of rapamycin,
a condition where Raptor-mTOR is inhibited. These data ar-
gue that despite the ability of Raptor-mTOR to phosphorylate
S636/S639 in vitro, other kinases whose phosphorylation of
IRS1 at S312, S616, and S636/S639 is facilitated by S6K1 are
predominant in vivo. The data presented here reveal that S6Ks
play a greater role in IRS1 serine phosphorylation than previ-
ously thought.

Posttranslational regulation of IRS1 in cell-based models of
tuberous sclerosis. Several lines of evidence suggest that the
HSP fraction harbors the population of IRS1 that actively
participates in signal transduction. Tyrosine phosphorylation

of IRS1 and IRS2 is detected within 1 min after insulin stim-
ulation in this compartment, and most acute (�10 min post-
stimulation with insulin) IRS1-associated PI3K activity is de-
tected here (18). As early as 10 min after insulin stimulation,
total IRS1 begins to disappear from the HSP and accumulates
in the cytosolic fraction (5, 18, 41). It is notable that IRS1 is not
detected in purified plasma membrane preparations (4, 5, 18),
indicating that the HSP fraction of IRS1 that is engaged by the
active insulin or IGF-I receptor must be juxtaposed, but not
intrinsic to, the plasma membrane. During insulin stimulation,
IRS1 appears in the cytosol complexed with the p85 regulatory
subunit of PI3K (41), although this may represent a sequestra-
tion complex comprised of tyrosine phosphorylated IRS1 and
monomeric p85 (26). This complex between IRS1 and mono-
meric p85 form cytosolic foci detectable by immunofluores-
cence approximately 10 min after IGF-I stimulation and are
devoid of the p110 catalytic subunit of PI3K, indicating that the
complex is nonfunctional (26). Pretreatment of 3T3-L1 adipo-
cytes with the proteasome inhibitor, lactacystin, preserves
IRS1 levels in the cytosolic fraction rather than the HSP (41).
Therefore, the likely site of IRS1 turnover, at least in this cell
culture system, is within the cytosol. Inhibition of PI3K and
Raptor-mTOR, respectively, with wortmannin and rapamycin
protects against the depletion of IRS1 from the HSP, and to a
lesser extent, from the cytosol (5, 41). In the present study,
IRS1 was significantly depleted from the HSP in both TSC1-
and TSC2-null MEFs and in cells that overexpress Rheb,
whereas the cytosolic fraction of IRS1, albeit reduced, was
essentially unaltered. This likely reflects the chronic nature of
constitutive absence of TSC genes or constitutive presence of
Rheb, both of which simulate chronic insulin action as far as
Raptor-mTOR activation is concerned.

It is clear from previous work in 3T3-L1 adipocytes that the
during the course of insulin-induced depletion of IRS1, the
cytosolic pool of IRS1 is detected only transiently (within 4 h
[5, 41]) prior to the destruction of all cellular IRS1. Because
the Raptor-mTOR axis is constitutively active in cell culture
models of tuberous sclerosis, this cycle of expression of IRS1 in
the HSP, followed by destruction, is also constitutive, resulting
in the net depletion of IRS1 from the HSP, as well as total
cellular IRS1. The data presented in Fig. 4B indicate that IRS1
depletion may occur directly from the HSP in some cell types,
since pretreatment of HEK293T cells with the proteasome
inhibitor, clasto-lactacystin-�-lactone, resulted in accumulation
of IRS1 in the HSP rather than the cytosol. In contrast, wild-
type IRS1 was detected in the cytosolic compartment in
HEK293 cells expressing Rheb, suggesting that ectopic IRS1
turnover in this cell culture model likely occurs in the cytosol
(Fig. 3D). Cumulatively, the data presented here and in our
earlier study (39) support a model of IRS regulation wherein
TSC deficiency links HSP depletion of IRS1 to turnover (Fig.
4D). We found that residual IRS1 was heavily serine phosphor-
ylated in TSC1/2-deficient MEFs or in cells that expressed
Rheb ectopically. In these cell models, a subset of serine phos-
phorylations was required for IRS1 depletion from the HSP
fraction and, furthermore, IRS1/2 proteins displayed an accel-
erated rate of destruction. Critically, each of these processes,
i.e., IRS1 serine phosphorylation, HSP depletion, and protein
degradation, were all exquisitely sensitive to rapamycin.
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Implications for cell-autonomous insulin resistance in tu-
morigenesis. We and others (13, 39) have found the retrograde
insulin signal to be aberrantly transduced in models of tuber-
ous sclerosis, not conventionally considered an insulin-resis-
tant disorder. The data in the present study significantly ex-
pand these observations. We describe here new sites of IRS1
serine phosphorylation not previously linked to tuberous scle-
rosis. We further demonstrate that IRS1 serine phosphoryla-
tion is functionally linked to HSP depletion, collectively pro-
viding a molecular basis for the cell-autonomous insulin
resistance intrinsic to cells with TSC deficiency. The cell au-
tonomous insulin resistance that accompanies TSC deficiency
is likely to produce a unique tumor biology. Although such
tumors retain dysplastic and hypertrophic characteristics, sur-
vival deficiencies may also exist. In fact, similar to MEFs from
TSC1- and TSC2-deficient animals, tumors from the Eker rat
model of tuberous sclerosis show little PI3K/Akt activation and
low malignant potential (20). Two genetic studies of PTEN and
TSC2 single knockout and compound heterozygous knockout
mice have revealed that PTEN haploinsufficiency leads to Akt
activation and a synergistic activation of the Raptor-mTOR/
S6K axis in the TSC2 heterozygous background (27, 29), which
one group found to correlate with a more aggressive cancer
phenotype (29). It was argued, therefore, that the limited ac-
tivation of Akt observed in TSC2 deficiency may be causally
linked to reduced progression to malignancy. The Peutz-Jeh-
gers tumor predisposing syndrome shares striking cell biolog-
ical similarities with tuberous sclerosis, namely, similar tumor
histology, inappropriately active Raptor-mTOR signaling, re-
duced Akt activation, and sensitivity to cellular stresses (6,
40). We have found that IRS1 function is repressed in MEFs
null for the Peutz-Jehgers tumor suppressor product, LKB1
(data not shown), indicating that mTOR-mediated feedback
regulation may be relevant in this tumor syndrome as well.
Furthermore, in cell-based models of the PTEN-associated
hamartoma syndromes, IRS proteins are greatly depleted
and are heavily phosphorylated when ectopically expressed
(33, 34). Indeed, loss of PTEN correlates positively with
IRS1 depletion in human prostate-derived, metastatic tu-
mors (15).

Pharmacologically, inhibition of the Raptor-mTOR/S6K axis
with rapamycin has been shown to induce Akt activation in a
subset of human cancer cells (31, 35), although this response
does not appear to be universally conserved (35). Although this
does provide a rationale for combined therapeutic inhibition of
Raptor-mTOR/S6K and IGF-IR pathways, it could be imag-
ined that rapamycin alone may prove as efficacious as the
combination in many settings, since prolonged rapamycin
treatment inhibits resynthesized mTOR and thereby limits the
assembly and function of the Rictor-mTOR complex (35). A
greater understanding of the oncogenic settings that give rise
to robust feedback inhibition through the Raptor-mTOR/S6K
cassette and identification of the oncogenic phenotypes that
rely on this feedback should facilitate the rationale design of
new cancer therapeutics that exploit this phenomenon.
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