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Insulin receptor substrate 1 (IRS-1) is a critical adapter protein involved in both insulin and insulin-like
growth factor (IGF) signaling. Due to the fact that alteration of IRS-1 levels can affect the sensitivity and
response to both insulin and IGF-I, we examined the ability of each of these ligands to affect IRS-1 expression.
IGF-I (10 nM) stimulation of MCF-7 breast cancer cells caused a transient tyrosine phosphorylation of IRS-1
that was maximal at 15 min and decreased thereafter. The decrease in tyrosine phosphorylation of IRS-1 was
paralleled by an apparent decrease in IRS-1 levels. The IGF-mediated decrease in IRS-1 expression was
posttranscriptional and due to a decrease in the half-life of the IRS-1 protein. Insulin (10 nM) caused tyrosine
phosphorylation of IRS-1 but not degradation, whereas high concentrations of insulin (10 pM) resulted in
degradation of IRS-1. IGF-I (10 nM) stimulation resulted in transient IRS-1 phosphorylation and extracellular
signal-related kinase (ERK) activation. In contrast, insulin (10 nM) caused sustained IRS-1 phosphorylation
and ERK activation. Inhibition of 26S proteasome activity by the use of lactacystin or MG132 completely
blocked IGF-mediated degradation of IRS-1. Furthermore, coimmunoprecipitation experiments showed an
association between ubiquitin and IRS-1 that was increased by treatment of cells with IGF-I. Finally, IGF-
mediated degradation of IRS-1 was blocked by inhibition of phosphatidylinositol 3’-kinase activity but was not
affected by inhibition of ERK, suggesting that this may represent a direct negative-feedback mechanism
resulting from downstream IRS-1 signaling. We conclude that IGF-I can cause ligand-mediated degradation of
IRS-1 via the ubiquitin-mediated 26S proteasome and a phosphatidylinositol 3'-kinase-dependent mechanism
and that control of degradation may have profound effects on downstream activation of signaling pathways.

Insulin receptor substrate 1 (IRS-1) was originally identified
downstream of the insulin receptor (IR) but can also be phos-
phorylated in response to insulin-like growth factor I (IGF-I)
(57). IRS-1 can also be activated by a number of diverse li-
gands, including growth hormone, prolactin, oncostatin, inter-
leukin-2 (IL-2), IL-4, IL-7, IL-9, IL-13, IL-15, and o/B inter-
feron (for a review, see reference 66). Following activation,
IRS-1 binds a diverse set of downstream signaling molecules
including p85, Grb2, Nck/Crk, Syp/Fyn, and SHP2 (66).
Through a poorly defined mechanism, IRS-1 can also bind
other proteins, including simian virus 40 large T antigen (8),
14-3-3 (27, 39), and o,B; integrin (64). The complexity of
IRS-1 upstream and downstream signaling reflects an emerg-
ing concept of complex cross-talk between extracellular and
intracellular signaling pathways and may place IRS molecules
in a central position to coordinate multiple signaling pathways
(41). The discovery of IRS-2 (58), IRS-3 (31, 50, 55), and IRS-4
(30) has expanded the potential number of divergent signaling
pathways.

Although there has been abundant research concerning ac-
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tivation of IRS-1, the mechanisms controlling the duration and
strength of the signal remain unclear. Two general mechanisms
have been described: regulation of IRS-1 expression and reg-
ulation of IRS-1 phosphorylation. IRS-1 expression can be
transcriptionally regulated by glucocorticoids (3, 46, 63). We
have recently shown that estrogen can induce IRS-1 mRNA
and protein expression in breast cancer cell lines and xeno-
grafts (32). Increased IRS-1 expression resulted in enhanced
tyrosine phosphorylation of IRS-1 in response to IGF-I and
increased activation of extracellular signal-related kinase
(ERK). Conversely, decreased IRS-1 expression, achieved by
antiestrogen treatment, inhibited IGF-I signaling through
IRS-1. In a number of cell systems it has been shown that high
concentrations of insulin can cause posttranscriptional down-
regulation of IRS-1 expression (23, 47), a potential mechanism
being proteolytic degradation of IRS-1 protein by the calpain
pathway (54).

IRS-1 phosphorylation is regulated by receptor tyrosine ki-
nases, protein tyrosine phosphatases, and serine/threonine ki-
nases. Receptor tyrosine kinases phosphorylate IRS-1 on ty-
rosine residues and activate downstream signaling pathways
(66). Following tyrosine phosphorylation, protein tyrosine
phosphatases such as SRC homology domain protein tyrosine
phophatase (SHP2) are activated and can dephosphorylate
IRS-1 (38). In addition, several other phosphatases have been
shown to inhibit the action of insulin (2, 18). It has been shown
that phosphorylation of the serine or threonine residues of
IRS-1, in contrast with dephosphorylation of tyrosines, can
inhibit further tyrosine phosphorylation of IRS-1. The kinases
involved and the mechanisms of inhibition are poorly under-
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stood; however, the serine residues of IRS-1 are phosphory-
lated by mitogen-activated protein kinase (MAPK) (9), protein
kinase C (PKC) (10), Akt/PKB (42), casein kinase II (59), and
phosphatidylinositol 3'-kinase (PI3K) (17, 29, 60) following
activation of IRS-1 by ligands such as angiotensin II (16) and
tumor necrosis factor alpha (22). Okadaic acid, a serine/thre-
onine phosphatase inhibitor, increases phosphorylation of
serine residues on IRS-1 and inhibits the action of insulin (25).

In studies aimed at examining factors regulating the action
of IRS-1, we have shown that stimulation of IRS-1 tyrosine
phosphorylation by IGF-I results in IRS-1 degradation. Low
concentrations of insulin (10 nM) that are known to activate
only the IR induced sustained IRS-1 activation and down-
stream ERK phosphorylation. In contrast, high concentrations
of insulin (10 wM), which can activate the IGF-I receptor
(IGF-IR), were able to degrade IRS-1. IGF-I increased the
level of association of IRS-1 with ubiquitin, and 26S protea-
some inhibitors blocked degradation of IRS-1. Finally, IGF-I
degradation of IRS-1 was blocked by inhibition of PI3K activ-
ity, suggesting that this may be a direct negative-feedback
mechanism resulting from IRS-1 activation of PI3K. In con-
clusion, we have revealed a novel mechanism for degradation
of IRS-1 that might represent a negative-feedback mechanism
important in controlling the activity of this critical signal trans-
duction molecule.

MATERIALS AND METHODS

Materials. All materials and chemicals were purchased from Sigma (St. Louis,
Mo.) unless otherwise noted. IGF-I was purchased from GROPEP (Adelaide,
Australia). ICI 182780 was a kind gift from Zeneca Pharmaceuticals (Maccles-
field, England). The inhibitors lactacystin, MG132, LY294002, and PD098059
were from Calbiochem (La Jolla, Calif.). All tissue culture reagents were pur-
chased from Life Technologies (Grand Island, N.Y.) unless otherwise stated.
[**S]methionine-[**S]cysteine (37 TBg/mmol) was purchased from NEN (Bos-
ton, Mass.).

Cell lines. MCF-7 cells have been maintained in our laboratory for many years
(40). Cells were routinely maintained in improved minimal essential medium
(IMEM) plus 5% fetal bovine serum (Summit, Ft. Collins, Colo.), 2 mM glu-
tamine, 50 TU of penicillin/ml, and 50 pg of streptomycin/ml. Serum-free me-
dium (SFM) consisted of IMEM plus 10 mM HEPES (pH 7.4), 1 pg of trans-
ferrin/ml, 1 pg of fibronectin/ml, 2 mM glutamine, 50 IU of penicillin/ml, 50 pg
of streptomycin/ml, and trace elements (Biofluids, Rockville, Md.).

Cell stimulation and lysis. Cells were plated at a density of 5 X 10° per
6-cm-diameter dish (Becton Dickinson, Lincoln Park, N.J.) and allowed to ad-
here to the dishes overnight. The next day, the medium was changed to SFM, and
24 h later, the cells were stimulated with various ligands for different periods of
time. For experiments using protease inhibitors, cells were first preincubated
with the inhibitors (lactacystin [final concentration, 10 pM] and MG132 [final
concentration, 50 wM], both in dimethyl sulfoxide [DMSO]) for 30 min prior to
stimulation in the presence of an inhibitor. For experiments using PD098059 (25
rM), LY294002 (25 pM), or wortmannin (250 nM), cells were again first pre-
incubated for 30 min with an inhibitor and then stimulated in the presence of the
inhibitor as described previously (24). Control cells were incubated with a similar
concentration of DMSO alone. After stimulation, cells were washed twice with
cold phosphate-buffered saline and then lysed in 150 pl of TNESV buffer, which
included fresh protease inhibitors (50 mM Tris-HCI [pH 7.4], 1% NP-40, 3 mM
EDTA, 100 mM NaCl, 10 mM sodium orthovanadate, 1 mM phenylmethylsul-
fonyl fluoride, 20 g of leupeptin/ml, and 20 pg of aprotinin/ml). Lysates were
clarified by centrifugation at 14,000 X g for 15 min at 4°C and stored at —20°C.
Protein concentrations were determined by the bicinchoninic acid method in
accordance with the manufacturer’s (Pierce, Rockford, IIl.) instructions.

Immunoblotting. Total protein (50 pg) was resuspended in denaturing sample
loading buffer (3% dithiothreitol, 0.1 M Tris-HCI [pH 6.8], 4% sodium dodecyl
sulfate [SDS], 0.2% bromophenol blue, 20% glycerol), separated by SDS-8%
polyacrylamide gel electrophoresis (PAGE), and electrophoretically transferred
to a nitrocellulose membrane overnight at 4°C. The remaining steps were all
performed at room temperature. The membrane was blocked with 5% milk—
TBST (0.15 M NaCl, 0.01 M Tris-HCI [pH 7.4], 0.05% Tween 20) for 1 h. For
antiphosphotyrosine immunoblotting, the membrane was washed six times, for 5
min each time, with TBST and then incubated with a 1:1,000 dilution of a
horseradish peroxidase (HRP)-linked primary antibody (RC20; Transduction
Laboratories, Lexington, Ky.) in TBST. After the membrane was washed six
times (5 min each time) with TBST, bands were visualized by enhanced chemi-
luminescence (ECL) in accordance with the manufacturer’s instructions (Pierce).
For phosphorylated-ERK immunoblotting (New England Biolabs, Beverly,
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Mass.), the membrane was washed six times (5 min each time) with TBST and
incubated with a 1:1,000 dilution of primary antibody in TBST. After 1 h, the
membrane was again washed six times (5 min each time) with TBST and then
incubated with an HRP-linked donkey anti-rabbit antibody (Amersham) at a
dilution of 1:1,000 in TBST-5% milk. After the membrane was washed six
times (5 min each time) with TBST, bands were visualized by ECL according
to the manufacturer’s instructions (Pierce). IRS-1 (Upstate Biotechnology, Lake
Placid, N.Y. [UBI]) antibodies were used at a final concentration of 0.35 pg/ml,
and IRS-2 (UBI) and total MAPK (UBI) antibodies were used at 1 pwg/ml. For
these blots, the membrane was not washed after the blocking step but was
immediately incubated with a 1:1,000 dilution of the primary antibody in
TBST-5% milk. After 1 h, the membrane was washed six times (5 min each time)
with TBST and then incubated with an HRP-linked donkey anti-rabbit antibody
diluted 1:1,000 in TBST-5% milk. After the membrane was washed six times (5
min each time) with TBST, bands were visualized by ECL according to the
manufacturer’s suggestions (Pierce).

Plasmids and transient transfection. An expression plasmid for hemagglutinin
(HA)-tagged ubiquitin (HA-Ub) was constructed by removing HA-Ub (a 330-bp
fragment) from YEp112 (21) by EcoRI and Kpnl digestion. This fragment was
cloned into pSP72, then excised by EcoRI and Xbal digestion, and subcloned into
pcDNA3.1 to generate pcDNA-HAUD. flag-IRS-1 was constructed by first per-
forming genomic PCR on an N-terminal fragment of human IRS-1 from MCF-7
cells, using the primers 5'CAAGTTGAATTCGCCGCCACCATGGACTACA
AGGACGACGATGACAAGGCGAGCCCTCCGGAGAGCGAT (EcoRI site,
Kozak consensus sequence, flag epitope, and IRS-1) and 3'GCCGACTCTAG
ACTACTTGCTGGTCAGGCAAAGGCGGTAGAT, which inserted an N-ter-
minal flag epitope. The 1.3-kb fragment was cut with EcoRI (in the 5’ primer)
and an internal Xhol. A C-terminal fragment of IRS-1 was digested from IRS-1
c¢DNA by Xhol and HindIII digestion, the two fragments were ligated together
with the Xhol sites, and then the full-length flag-IRS-1 was cloned into EcoRI
and HindIII sites in pcDNA3.1. The construct was sequenced to confirm its
identity. COS-7 cells were transiently transfected by using Lipofectin in accor-
dance with the manufacturer’s instructions. Cells were transfected with 0.5 pg of
pcDNA-HAUD plus pflagIRS-1, pcDNA-HAUD alone, pflagIRS-1 alone, or
pCDNAZ3.1 (as a control). After 8 h of transfection, the medium was changed to
SFM, and 16 h later, cells transfected with pcDNA-HAUD and pflagIRS-1 were
stimulated, or not, with IGF-I (5 nM) for 2 h. All cells were lysed in TNESV
buffer, and 500 pg of protein was precleared with 25 pl of a protein A-agarose
solution for 30 min at 4°C and then immunoprecipitated with 2 pg of antiflag
antibody (Sigma) overnight at 4°C. The next day, 25 pl of protein A-agarose
(Pierce) was added, and the suspension was incubated for a further 4 h with
rocking at 4°C. The beads were washed three times with TNESV, resuspended in
40 pl of 1X sample loading buffer, and boiled, and polypeptides were separated
by SDS-8% PAGE. After transfer of polypeptides to a nitrocellulose membrane,
immunoblotting was performed with a 1:1,000 dilution of an antibody against HA
(Babco).

Pulse-chase labeling of MCF-7 cells and immunoprecipitation of IRS-1.
MCF-7 cells were plated at a density of 10° per 10-cm-diameter dish, allowed to
adhere overnight, and then incubated in SFM for 24 h. Cells were incubated in
depletion medium (minimal essential medium) lacking methionine and cysteine
but supplemented with 2 mM glutamine) for 1 h and then in labeling medium
(depletion medium plus 300 nCi of [**S]methionine-[**S]cysteine/dish) for 1 h.
Labeling medium was removed, the dishes were washed five times with chase
medium (depletion medium plus 2 mM methionine, 2 mM cysteine, 2 mM
glutamine), and then cells were incubated with chase medium with or without
IGF-I (10 nM). Cells were lysed in 400 wl of TNESV and then precleared with
25 pl of protein A-agarose for 30 min at 4°C, and IRS-1 was immunoprecipitated
with 5 pl of IRS-1 antibodies (UBI) overnight at 4°C. A 25-ul volume of protein
A-agarose was added, and after 4 h, the cells were washed five times with TNESV
buffer. The beads were resuspended in 40 wl of 1X sample loading buffer, and
polypeptides were separated by SDS-6% PAGE. The gel was treated with a
fluorography reagent (EnHance; NEN) and dried. Densitometry was performed
with a Molecular Dynamics PhosphorImager.

RESULTS

IGF-I stimulation decreases IRS-1 expression in a time- and
dose-responsive manner. MCF-7 breast cancer cells were stim-
ulated with IGF-I (10 nM), lysed, and immunoblotted for
phosphotyrosine-containing proteins. After 15 min of IGF-I
stimulation, a single protein of ~170 kDa (the molecular mass
of IRS-1) was readily detectable by immunoblotting with an-
tiphosphotyrosine (Fig. 1A, top panel). A longer incubation
with IGF-I (2 h) caused an increase in the molecular mass of
this protein and a decrease in phosphorylation of tyrosines.
Immunoblotting for IRS-1 revealed a similar migration pattern
with a decrease in IRS-1 levels after 2 h of IGF-I stimulation
(Fig. 1A, bottom panel). Immunoprecipitation with IRS-1 an-
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FIG. 1. IRS-1 is tyrosine phosphorylated and then degraded after IGF-I stimulation. (A) MCF-7 cells were incubated in SFM for 24 h and then stimulated with
IGF-I (10 nM) for 15 min and 2 h. Cells were lysed in TNESV buffer, and 300 g of the resultant protein was used for immunoprecipitation experiments with antibodies
to IRS-1. Total cell lysate (lanes 1 to 3 from left) and immunoprecipitated proteins (IP:IRS-1) (lane 4 to 6 from left) were separated by SDS-8% PAGE and

immunoblotted with antiphosphotyrosine (PY) or anti-IRS-1 (IRS-1) antibodies.

(B) MCF-7 cells were treated as described for panel A, but no immunoprecipitation

was performed. (C) MCF-7 cells were incubated with IGF-I (0, 0.1, 1, and 10 nM) for 8 h and lysed, and the resulting lysate was treated as described for panel A. All
immunoblots are representative of at least four independent experiments. (D) MCF-7 cells were labeled with [**S]methionine-[**S]cysteine for 1 h, incubated in chase
medium with or without IGF-I (5 nM), and then lysed at the indicated time points. Lysates were immunoprecipitated with anti-IRS-1 antibodies and separated by
SDS-PAGE, and the gel was then dried. Densitometry was performed with a PhosphorImager. Results are expressed as percentages of the densitometric reading at

0 h. This figure is representative of two independent experiments.

tibodies followed by immunoblotting with antiphosphotyrosine
detected the tyrosine-phosphorylated band, indicating that this
is tyrosine-phosphorylated IRS-1. However, upon immuno-
blotting for IRS-1, we again noted that 2 h of incubation with
IGF-I resulted in a shift in the size of IRS-1 and also a signif-
icant decrease in IRS-1 expression. Stimulation of cells for 8 h
with IGF-I (Fig. 1B) resulted in a dramatic decrease in the
electromobility of IRS-1, seen on both IRS-1 and antiphospho-
tyrosine immunoblots, suggesting that this represents a hyper-
phosphorylated form. Furthermore, there was a dramatic de-
crease in the level of IRS-1 protein. A longer incubation with
IGF-I (24 h) resulted in a doublet of the hyperphosphorylated
form and a less phosphorylated form. At 48 h, most of the
IRS-1 migrated at the same molecular mass as IRS-1 under
SFM conditions. It should be noted that in SFM, IRS-1 levels
did not alter over time course of the experiment, indicating
that the decrease in IRS-1 expression was a ligand-mediated
event. The apparent decrease in IRS-1 expression was not a
result of an inability of the IRS-1 antibody to recognize phos-
phorylated IRS-1, since a different IRS-1 antibody, which
recognizes a different epitope (pleckstrin homology [PH]
domain), gave identical results (data not shown). Further-
more, the decrease in IRS-1 was not due to a differential
intracellular localization that resulted in a poor extraction by
TNESV lysis buffer, since identical results were obtained with
5% SDS lysis buffer (data not shown).

The IGF-I-mediated decrease in IRS-1 expression was di-
rectly related to the dose of IGF-I used for stimulation. MCF-7
cells were stimulated with increasing doses of IGF-I for 8 h and
then immunoblotted for phosphotyrosine (Fig. 1C, top panel)
or IRS-1 (Fig. 1C, lower panel). Increasing concentrations of

IGF-I caused a dose-dependent increase in the phosphoryla-
tion and the size of IRS-1 and also a dose-dependent decrease
in IRS-1 protein levels.

The ability of IGF-I to decrease IRS-1 expression occurred
in diverse cell types and was associated with the ability of a cell
to phosphorylate IRS-1; IGF-I caused a decrease in IRS-1
expression in two other breast cancer cell lines (ZR-75 and
T47D) and in CHO cells but had no effect on IRS-1 expression
in HepG2 and MDA-231 cells, which do not phosphorylate
IRS-1 (data not shown).

To determine whether the IGF-mediated decrease in IRS-1
expression was a transcriptional effect, we measured steady-
state levels of IRS-1 mRNA after exposure to IGF by RNase
protection assay. IGF-I had no effect on IRS-1 mRNA expres-
sion (data not shown), which is consistent with the inability of
insulin (1 pwM) to affect IRS-1 mRNA (3). Furthermore, the
pattern of IGF-mediated decrease in IRS-1 protein expression
was not altered by either actinomycin D (an inhibitor of tran-
scription) at 2 pg/ml or cycloheximide (an inhibitor of trans-
lation) at 10 pg/ml (data not shown), suggesting that posttran-
scriptional mechanisms are responsible for the decreased
IRS-1 levels. Therefore, we next examined whether the IGF-
I-mediated decrease in IRS-1 was due to a change in the IRS-1
protein’s half-life. We measured the half-life of IRS-1 in the
presence and in the absence of IGF-I by [**S]methionine-
[**S]cysteine pulse-chase labeling of MCF-7 cells followed by
IRS-1 immunoprecipitation. In the absence of IGF-I, IRS-1
had a half-life of approximately 15 h (Fig. 1D). When cells
were stimulated with IGF-1, IRS-1’s half-life decreased to ap-
proximately 9 h. This set of experiments indicated that IGF-I



1492 LEE ET AL.

Ins Ins IGF-i
SFM  0.01pM  10uM  0.01uM
10’ 2h 8h 10’ 2h 8h10’2h 8h 10’ 2h 8h
- - o @ - » W py

b S — IRS-1

1 2 3 45 6 7 8 910 11 12

FIG. 2. Insulin at high, but not low, concentrations degrades IRS-1. MCF-7
cells were incubated in SFM for 24 h and then stimulated with the indicated
concentrations of insulin (Ins) or IGF-I for 10 min (10’), 2 h, or 8 h. Cells were
lysed, and 50 ug of lysate was subjected to SDS-8% PAGE and then immuno-
blotted with antiphosphotyrosine (PY) or anti-IRS-1 (IRS-1) antibodies.

caused significant degradation of IRS-1 protein by a posttran-
scriptional mechanism.

Increased insulin concentrations result in decreased IRS-1
expression. It has previously been shown that insulin at high
(micromolar) concentrations causes a decrease in IRS-1 ex-
pression (23, 47). We therefore tested the ability of insulin, at
low (nanomolar) and at high (micromolar) concentrations, to
decrease IRS-1 expression in MCF-7 cells (Fig. 2). Short-term
(10-min) stimulation of MCF-7 cells with IGF-I (10 nM) or a
nanomolar (0.01 uM) or micromolar (10 M) concentration of
insulin resulted in phosphorylation of IRS-1 tyrosine residues
but did not affect IRS-1 expression (compare lanes 1, 4, 7, and
10). Longer incubations (2 and 8 h) with a low concentration of
insulin (0.01 M) resulted in a sustained increase in phosphor-
ylation of IRS-1 (compare lanes 4 to 6 with lanes 1 to 3). At
this concentration, insulin had no effect on total IRS-1 expres-
sion. In contrast, stimulation of cells with 10 wM insulin, a
concentration previously shown to cause a decrease in IRS-1
expression (47), resulted in greater tyrosine phosphorylation of
IRS-1 than did a nanomolar concentration of insulin (compare
lane 7 with lane 4) and also caused a decrease in IRS-1 ex-
pression after 2 and 8 h (lanes 8 and 9). The pattern of phos-
phorylation and expression of IRS-1 with 10 uM insulin was
similar to that seen when cells were treated with IGF-I at 10
nM (lanes 10 to 12).

IGF-I and insulin differ in duration of activation of ERK. To
examine whether the differential length of activation of IRS-1
by insulin and IGF-I affected downstream signaling events, we
measured activation of ERK. MCF-7 breast cancer cells were
stimulated with IGF-I (10 nM) or insulin (10 nM) for various
periods of time. IGF-I stimulation resulted in a time-depen-
dent phosphorylation of IRS-1 tyrosines (Fig. 3). Insulin stim-
ulation resulted in phosphorylation of IRS-1 tyrosine residues,
but in contrast to IGF-I, phosphorylation was maintained
throughout the length of the stimulation. Immunoblotting for
phosphorylated ERK1/2 revealed that IGF-I caused a rapid
increase in phosphorylation of ERK after 15 min, after which
phosphorylation decreased, whereas insulin caused a sustained

IGF-I (10nM) Ins (10nM)
00254 8 24 00254 8 24hrs
o @ e S = os @ py
—EEE= = = = Phospho
ERK1/2

FIG. 3. Insulin causes sustained activation of IRS-1 and ERK, while IGF-I
causes transient activation. MCF-7 cells were incubated in SFM for 24 h and then
stimulated with IGF-I (10 nM) or insulin (Ins; 10 nM) for the indicated periods
of time. Cells were lysed, and 50 pg of the resultant protein was immunoblotted
with antiphosphotyrosine (PY) or anti-phospho-ERK1/2 (Phospho ERK1/2) an-
tibodies. This figure is representative of three independent experiments.
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FIG. 4. IGF-I-mediated degradation of IRS-1 results in reduced amounts of
total tyrosine-phosphorylated IRS-1 following IGF-I stimulation. (A) MCF-7
cells were incubated in SFM for 24 h and then in SFM, or SFM supplemented
with IGF-I (5 nM) or ICI 182780 (1 uM) for a further 24 h. Cells were or were
not stimulated with IGF-I (10 nM) for 15 min and then lysed, and 50 pg of the
resultant protein was separated by SDS-8% PAGE and immunoblotted with
antiphosphotyrosine (PY) or anti-IRS-1 (IRS1) antibodies. (B) Densitometric
analysis of gels shown in panel A. Gels were scanned and analyzed by using NIH
Image 6.0. Values are presented as arbitrary (arb.) densitometric units. The top
graph presents values for phosphotyrosine, and the bottom graph shows values
for IRS-1.

activation of ERK over the 24-h period. Immunoblots were
probed with antibodies to ERK, and equal levels were ob-
served in all lanes, suggesting that IGF-I does not affect ERK
levels in a manner similar to IRS-1 (data not shown).
IGF-I-stimulated degradation of IRS-1 results in a de-
creased amount of tyrosine-phosphorylated IRS-1 when cells
are restimulated with IGF-I. Evidence suggests that phosphor-
ylation of IRS-1 tyrosines is a rate-limiting step in IGF-I-
mediated signal transduction. Our group and others have
shown that IRS-1 expression can be regulated by the estrogen
receptor (32, 48). Estrogen treatment of MCF-7 cells increased
IRS-1 expression, and antiestrogen treatment decreased it.
The reduced level of IRS-1 expression after antiestrogen treat-
ment resulted in a decreased amount of total tyrosine-phos-
phorylated IRS-1 following IGF stimulation and reduced
downstream signaling through ERK1/2. Therefore, we next
tested whether the decrease in IRS-1 expression after IGF
treatment would also result in a decreased total amount of
tyrosine-phosphorylated IRS-1 if cells were restimulated with
IGF-I. As a control, we also decreased IRS-1 expression by the
use of the antiestrogen ICI 182780. MCEF-7 cells were stimu-
lated with IGF-I (10 nM) or ICI 182780 (1 wM) for 24 h and
then were or were not restimulated with IGF-I (10 nM) for 10
min. As expected, compared to treatment with SFM, both
IGF-I and ICI 182780 resulted in decreased IRS-1 expression
(Fig. 4A, bottom panel). Cells that were incubated in SFM for
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FIG. 5. 26S proteasome inhibitors block IGF-mediated degradation of
IRS-1. (A) MCF-7 cells were incubated in SFM for 24 h; pretreated with DMSO,
MG132 (50 wM), or lactacystin (10 wM) for 30 min; and then stimulated with
IGF-I (10 nM), or not stimulated, in the presence or absence of inhibitor for a
further 24 h. Cells were lysed, and 50 ug of the resultant protein was separated
by SDS-8% PAGE and immunoblotted with antiphosphotyrosine (PY) or anti-
IRS-1 (IRS-1) antibodies. (B) MCF-7 cells were incubated in SFM for 24 h and
then in SFM with or without lactacystin (10 pM) for 30 min. Cells were stimu-
lated with increasing concentrations of IGF-I (0, 0.1, 1, and 10 nM) for 24 h in
the presence or absence of lactacystin (10 wM). Cells were lysed, and 50 pg of the
resultant protein was separated by SDS-8% PAGE and immunoblotted with
antiphosphotyrosine (PY) and anti-IRS-1 (IRS-1) antibodies. This figure is rep-
resentative of three independent experiments.

24 h and then stimulated with IGF-I for 10 min showed a rapid
increase in tyrosine phosphorylation of IRS-1 (Fig. 4A, top
panel). Cells that had been prestimulated with IGF-I for 24 h
showed weak tyrosine phosphorylation of IRS-1 remaining
from that preincubation. IGF-I stimulation now resulted in
lower levels of tyrosine-phosphorylated IRS-1 than were found
in cells incubated in SFM. However, the reduction in tyrosine-
phosphorylated IRS-1 directly paralleled the decrease in total
IRS-1 expression (Fig. 4B), suggesting that there had been no
change in the ability to phosphorylate IRS-1 but simply a
decrease in the total amount of tyrosine-phosphorylated
IRS-1. Reduction of IRS-1 expression by ICI 182780 resulted
in a reduced amount of tyrosine-phosphorylated IRS-1 com-
pared to cells incubated with SFM and mimicked exactly the
effect of IGF-I pretreatment. We have shown previously that
this type of reduction affects downstream IGF signaling, such
as ERK activation (32).

IRS-1 is degraded by the 26S proteasome in response to
IGF-1. An important mechanism for degradation of a number
of critical signaling molecules is the ubiquitin-mediated 26S
proteasome activity (20, 43). We used the 26S proteasome
inhibitors MG132 and lactacystin (11, 12) to investigate the
effect of 26S proteasome activity on IGF-I-mediated degrada-
tion of IRS-1. MCF-7 cells were preincubated for 30 min with
or without MG132 (50 wM) or lactacystin (10 uM) and then
stimulated with IGF-I for 24 h in the absence or presence of
the inhibitor. In the absence of the inhibitor, IGF-I caused
phosphorylation of IRS-1 tyrosines (Fig. SA, top panel), which
was associated with a decrease in IRS-1 expression (Fig. 5A,
bottom panel). In the presence of MG132 or lactacystin, IGF-I
treatment resulted in a sustained tyrosine phosphorylation of
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Transfection:
flag-IRS-1  + + - - +
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FIG. 6. IRS-1 and ubiquitin associate in vivo. COS-7 cells were transiently
transfected with HA-Ub and flag-IRS-1 (lanes 1 and 2), pCDNA3.1 (lane 3),
HA-Ub (lane 4), or flag-IRS-1 (lane 5). After transfection, cells were incubated
in SFM for 16 h, and then one plate (lane 2) was stimulated with IGF-I (10 nM)
for 2 h. Cells were lysed in TNESV, and the lysate was immunoprecipitated with
antibodies against the flag epitope (IP:flag) and immunoblotted with antibodies
against the HA epitope (IB:HA).

IRS-1 resulting from a failure to cause degradation of IRS-1.
The inhibition of IRS-1 degradation by lactacystin also re-
sulted in an increase in the phosphorylation of IRS-1 tyrosine
residues following IGF stimulation. Lactacystin was also able
to efficiently block the dose-responsive, IGF-mediated degra-
dation of IRS-1 compared to that evident in DMSO-treated
cells (Fig. 5B), and this again resulted in sustained tyrosine
phosphorylation of IRS-1.

IRS-1-ubiquitin association is increased by IGF-I. Proteins
are targeted for 26S proteasome degradation by covalent at-
tachment of a 76-amino-acid polypeptide termed ubiquitin
(43). We next sought to establish whether ubiquitin binds di-
rectly to IRS-1. COS-7 cells were transiently transfected with
expression plasmids for flag-IRS-1 and HA-Ub. Cells trans-
fected with both expression plasmids were stimulated with 10
nM IGF-I (lane 2) for 2 h; after the cells were lysed, the lysate
was immunoprecipitated with antiflag antibodies and immuno-
blotted with anti-HA antibodies (Fig. 6). Expression of a con-
trol plasmid (pcDNA3), flag-IRS-1, or HA-Ub alone resulted
in no detectable bands upon HA immunoblotting (lanes 3 to
5). When both flag-IRS-1 and HA-Ub were coexpressed, their
association was revealed by flag immunoprecipitation and HA
immunoblotting (lane 1), giving a band at the position corre-
sponding to the molecular mass of IRS-1 (~170 kDa). Fur-
thermore, IGF-I stimulation of cells increased the association
of flag-IRS-1 and HA-UD (lane 2).

IGF-I-mediated degradation of IRS-1 is blocked by inhibi-
tors of PI3K. To determine if IGF-I-induced degradation of
IRS-1 was a negative-feedback mechanism that resulted from
downstream signals that might be elicited through IRS-1, we
inhibited two well-characterized pathways activated by IRS-1,
the ERK and PI3K pathways. Duplicate plates of MCF-7 cells
were preincubated with PD098059 (an ERK inhibitor) or
LY294002 (a PI3K inhibitor) for 30 min and then either were
or were not stimulated with IGF-I in the presence of the
inhibitor for a further 6 or 24 h (Fig. 7). IGF-I treatment (6 h)
caused phosphorylation of IRS-1 tyrosines and a decrease in
IRS-1 expression. A longer IGF-I treatment (24 h) resulted in
a further decrease in IRS-1 phosphorylation that was associ-
ated with a decrease in IRS-1 expression. Cotreatment of cells
with PD098059 did not affect the ability of IGF to phosphor-
ylate or degrade IRS-1. In contrast, blockade of PI3K with
LY294002 completely inhibited IGF-I-mediated IRS-1 degra-
dation at both 6 and 24 h. The result of inhibition of degrada-
tion was an increase in tyrosine phosphorylation of IRS-1,
similar to the results seen with blockade of the proteasome by
lactacystin (Fig. 5). Interestingly, LY blocked the supershift
that was caused by IGF-I, which presumably represents the
serine phosphorylation of IRS-1 shown by others previously
(25). A similar inhibition of IRS-1 degradation was seen with
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FIG. 7. Inhibition of PI3K blocks IGF-mediated degradation of IRS-1.
MCF-7 cells were incubated in SFM for 24 h and then incubated with SFM or
SEM containing PD90859 (25 wM) or LY294002 (25 pM) for 30 min. Cells were
then stimulated with IGF-I for 6 h (top panels) or 24 h (bottom panels) in the
presence or absence of inhibitor. Cells were lysed, and 50 pg of the resultant
protein was separated by SDS-8% PAGE and immunoblotted with antiphos-
photyrosine (PY) and anti-IRS-1 (IRS-1) antibodies. This figure is representative
of three independent experiments.

wortmannin (250 nM), another PI3K inhibitor (data not
shown).

DISCUSSION

IRS-1 is an important downstream signaling molecule for a
number of divergent signaling pathways (66). In particular,
IRS-1 seems to play a critical role in the proliferative response
to insulin and IGF-I. In vitro observations implicating IRS-1 in
cell proliferation are substantiated by the fact that at birth,
IRS-1 knockout mice (4) are smaller than their wild-type lit-
termates, similar to IGF ligand and IGF receptor knockouts (6,
33). Because most important growth-regulatory genes are un-
der strict regulatory control, we examined the feedback mech-
anisms controlling IRS-1 action.

Long-term (8- to 48-h) incubation of MCF-7 cells with IGF-I
resulted in a decrease in IRS-1 protein expression. We have
shown here that this degradation is a posttranscriptional event
that can be blocked by inhibitors of the 26S proteasome, im-
plicating ubiquitin activity as a signal for IRS-1 degradation. In
confirming this, we have shown that IRS-1 and ubiquitin asso-
ciate in vivo and that this association is increased by IGF
treatment. IRS-1 was degraded in all cell types that exhibited
phosphorylation of IRS-1 tyrosine residues in response to
IGF-I, but it was not degraded in cells that failed to cause
phosphorylation of IRS-1 tyrosines. Furthermore, the level of
IRS-1 expression did not change when cells were incubated in
SFM alone, and basal IRS-1 expression was not affected by
lactacystin, indicating that proteasome degradation of IRS-1 is
an IGF-mediated, phosphorylation-dependent event. Insulin-
dependent proteasome-mediated degradation of IRS-1 has re-
cently been shown to occur in CHO cells that overexpress the
insulin receptor and IRS-1 (56). In these cells, insulin caused
degradation of IRS-1, but the degradation was blocked by
proteasome inhibitors. Interestingly, insulin did not cause deg-
radation of IRS-2, suggesting that a motif in IRS-1 is respon-
sible for ligand-dependent degradation. Proteasome-mediated
degradation of several proteins, including Statl (26), c-jun
(35), bel-6 (37), and B-catenin, (1), is regulated by phosphor-
ylation. A recent genetic analysis of yeasts has revealed a
potential mechanism for phosphorylation is a signal for ubiq-
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uitin degradation; this is termed the F-box hypothesis. In this
model, after a protein is phosphorylated, it is recognized by a
protein (the F-box receptor) containing a protein recognition
domain termed the F box (5, 52). A growing family of proteins
contain F-box domains but also have several other protein-
protein interaction domains (WD40, LRR, etc.). The F-box
receptor can then recruit E1 and E2 ubiquitin-activating and
-conjugating enzymes, which leads to polyubiquitination and
degradation of the protein. This model is extremely attractive
for explaining part of the specificity of ubiquitin degradation
and may reveal in part the importance of ubiquitin in such
processes as the cell cycle (28).

IRS-1 is a PEST (44)-containing protein with 11 potential
repeats rich in proline, serine, and threonine residues (53).
Recently, phosphorylation of PEST sequences has been impli-
cated in ubiquitin degradation of a number of cell cycle-regu-
latory proteins, including cyclin D1 (13), cyclin E (65), and p27
(51). Indeed, it has been proposed that PEST sequences may
be accountable in part for the F-box proteolysis pathway (14).
However, PEST sequences do not completely identify proteins
that will be degraded, since nearly one-third of all proteins
contain PEST sequences and, often, deletion of the PEST
sequence does not stabilize the protein’s half-life.

Several reports have shown that high (micromolar) concen-
trations of insulin can desensitize cells to further insulin action
in animals and in culture. Part of this desensitization may be a
result of negative feedback in insulin signaling by degradation
of IRS-1 (3, 7, 47). We have shown that in MCF-7 cells, nano-
molar concentrations of IGF-I phosphorylate IRS-1 and cause
a time- and dose-dependent decrease in IRS-1 expression. The
same concentration of insulin weakly phosphorylates IRS-1
and fails to decrease IRS-1 expression. In contrast, insulin at
chronically high (micromolar) doses phosphorylates IRS-1 to
the same extent as IGF-I (10 nM) and is able to degrade IRS-1.
Why is IRS-1 degraded in the presence of chronically high
levels of insulin but not with nanomolar concentrations? First,
high concentrations of insulin may simply increase insulin re-
ceptor-mediated phosphorylation of IRS-1 above a value
threshold needed for IRS-1 degradation. Second, it is known
that high concentrations of insulin can act through the IGF-IR
(15). If the IGF-IR can mediate degradation of IRS-1 by ac-
tivating different signal transduction pathways to insulin, then
insulin acting through the IGF-IR would then be able to de-
grade IRS-1. Finally, it could be a combination of the two:
insulin acts through the IGF-IR, which simply allows increased
phosphorylation of IRS-1, which is then degraded. Recent data
of Sun et al. (56) indicate that insulin can degrade IRS-1 in
CHO cells only when IR is overexpressed. The increased level
of IR causes increased phosphorylation of IRS-1 compared to
insulin stimulation of cells with endogenous levels of IR and,
thus, may again suggest that it is the level of IRS-1 phosphor-
ylation that is the determining factor in its degradation.

The demonstrated inability of insulin at low concentrations
to degrade IRS-1 is in contrast to data recently obtained in
studies using 3T3-L1 adipocytes (45). In these cells, the sce-
nario is the exact opposite of the situation we observed in
MCEF-7 cells. In 3T3-L1 adipocytes, insulin at low concentra-
tions can degrade IRS-1. IGF-I at low concentrations fails to
degrade IRS-1 and even causes a small transient increase
(~140% of the control value) in IRS-1 expression. Interest-
ingly, IGF-I at high concentrations was able to degrade IRS-1,
possibly by acting through the IR. It will be important to
compare the levels of activation of IRS-1 by insulin and IGF-I
in MCF-7 cells and 3T3-L1 adipocytes to determine if the
differences observed are simply a result of a cell-specific ability
to phosphorylate IRS-1 or if there are actual receptor-specific
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signaling pathways. Although the ligands that degrade IRS-1
differ between our cell lines, data from studies of 3T3-L1
adipocytes have also shown that the ligand-mediated degrada-
tion of IRS-1 can be specifically blocked with inhibitors of
PI3K. Interestingly, calpain activity has been implicated as a
mechanism for degradation in 3T3-L1 adipocytes. However,
this has been shown mainly in studies using a cell-free system
and purified exogenous calpain (53, 54), and more studies are
required to determine the potential mechanisms for degrada-
tion of IRS-1 in vivo.

The difference in the levels of IRS-1 activation and degra-
dation by insulin and IGF-I may have important physiological
consequences. For instance, due to the inability of insulin to
degrade IRS-1, no decrease in IRS-1 phosphorylation over
time was seen. This was reflected downstream by sustained
activation of ERK. In contrast, IGF-I caused a transient phos-
phorylation of IRS-1 which resulted in a transient activation of
ERK. In several different systems the difference between sus-
tained and transient ERK activation has been shown to medi-
ate differential signaling effects (62). The best characterized of
these is the ability of nerve growth factor to cause sustained
ERK phosphorylation, leading to differentiation in PC12 cells,
whereas in the same cell line, epidermal growth factor causes
a transient ERK activation that leads to proliferation (34).

Our data indicate that IGF-induced degradation of IRS-1 is
mediated by PI3K signaling. This is consistent with data of Sun
et al. (56) indicating that insulin-mediated degradation of
IRS-1 in CHO cells is blocked by wortmannin. It is possible
that the PI3K-mediated degradation of IRS-1 is the result of
direct feedback from PI3K activated by IRS-1. Treatment of
MCEF-7 cells results in a rapid association of the p85 subunit of
PI3K with IRS-1 (data not shown). While IGF-IR can also
bind and activate PI3K after IGF treatment (61), the majority
of PI3K signaling has been shown to occur via insulin receptor
substrate molecules (36). It is known that PI3K can phosphor-
ylate IRS-1 on serine residues (17, 29, 60); however, down-
stream targets of PI3K (e.g., Akt/PKB) are also able to phos-
phorylate IRS-1 (42). Two recent reports also suggest that
PI3K may be involved in negative feedback of IGF signaling.
Data from studies using bovine fibroblasts have also shown
that pretreatment with insulin desensitizes cells to IGF-medi-
ated proliferation (19). This is associated with decreased phos-
phorylation of IRS-2 after pretreatment with insulin. PI3K
inhibitors can block the insulin pretreatment effect. Addition-
ally, it has recently been shown that degradation of IRS-1 is
needed for myoblast differentiation and that the degradation
of IRS-1 can be blocked by PI3K inhibitors (49).

In summary, we have shown here that phosphorylation of
IRS-1 by IGF-I results in IRS-1 degradation by the 26S pro-
teasome. The degradation of IRS-1 is specifically blocked by
two different inhibitors of PI3K but not by an inhibitor of
MAPK kinase. This raises the possibility that IRS-1 activation
of PI3K results in a direct negative-feedback mechanism that
targets IRS-1 for degradation and thus blocks further IGF
signaling. This may be an important mechanism for determin-
ing the response of a cell to stimuli that can activate IRS-1.
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