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To investigate the roles of insulin receptor substrate 3 (IRS-3) and IRS-4 in the insulin-like growth factor
1 (IGF-1) signaling cascade, we introduced these proteins into 3T3 embryonic fibroblast cell lines prepared
from wild-type (WT) and IRS-1 knockout (KO) mice by using a retroviral system. Following transduction of
IRS-3 or IRS-4, the cells showed a significant decrease in IRS-2 mRNA and protein levels without any change
in the IRS-1 protein level. In these cell lines, IGF-1 caused the rapid tyrosine phosphorylation of all four IRS
proteins. However, IRS-3- or IRS-4-expressing cells also showed a marked decrease in IRS-1 and IRS-2
phosphorylation compared to the host cells. This decrease was accounted for in part by a decrease in the level
of IRS-2 protein but occurred with no significant change in the IRS-1 protein level. IRS-3- or IRS-4-overex-
pressing cells showed an increase in basal phosphatidylinositol 3-kinase activity and basal Akt phosphoryla-
tion, while the IGF-1-stimulated levels correlated well with total tyrosine phosphorylation level of all IRS
proteins in each cell line. IRS-3 expression in WT cells also caused an increase in IGF-1-induced mitogen-
activated protein kinase phosphorylation and egr-1 expression (~1.8- and ~2.4-fold with respect to WT). In the
IRS-1 KO cells, the impaired mitogenic response to IGF-1 was reconstituted with IRS-1 to supranormal levels
and was returned to almost normal by IRS-2 or IRS-3 but was not improved by overexpression of IRS-4. These
data suggest that IRS-3 and IRS-4 may act as negative regulators of the IGF-1 signaling pathway by sup-
pressing the function of other IRS proteins at several steps.

Insulin and insulin-like growth factor 1 (IGF-1) initiate their
diverse biological effects by binding to and activating their
endogenous tyrosine kinase receptors (22, 44). The insulin
receptor substrate (IRS) proteins are major substrates of both
insulin receptor and IGF-1 receptor tyrosine kinases and are
rapidly phosphorylated on their tyrosine residues following
ligand stimulation (21). The resulting phosphotyrosine motifs
in these substrates then bind proteins containing Src homology
2 (SH2) domains, notably phosphatidylinositol 3-kinase (PI
3-kinase) (5), growth factor receptor binding protein 2 (Grb-2)
(36), and the protein tyrosine phosphatase SHP-2/Syp (38),
thereby activating specific signaling cascades. In addition, de-
pending on the cell type, IGF-1 and insulin receptor can phos-
phorylate other substrates, such as Shc (16, 28), and Gab1 (18),
which link to one or another of these pathways. Together,
these intermediate signals stimulate a variety of different
downstream biological effects including mitogenesis, gene ex-
pression, glucose transport, and glycogen synthesis.

To date, four members of the IRS family (IRS-1, IRS-2,
IRS-3, and IRS-4) have been identified (23, 24, 33, 40, 41).
IRS-1 and IRS-2 are the best-characterized members and are
very similar in their overall structure. Both are high-molecular-
weight proteins consisting of a pleckstrin homology domain at
the N terminus followed by a phosphotyrosine binding domain
and a large C-terminal domain containing multiple potential
tyrosine phosphorylation sites that can bind to specific SH2
domain-containing proteins (41). Experiments with mice lack-
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ing either IRS-1 or IRS-2, created using homologous recom-
binant gene-targeting techniques, have confirmed the impor-
tance of both of these IRS proteins to glucose homeostasis and
growth (4, 42, 45). Deletion of IRS-1 leads to severe intrauter-
ine growth retardation and peripheral insulin resistance,
whereas deletion of IRS-2 results in insulin resistance and a
defect in pancreatic B-cell development leading to diabetes.
These in vivo data, as well as in vitro data (9), indicate that
IRS-1 and IRS-2 are not fully interchangeable signaling inter-
mediates for the biological effects of insulin and IGF-1.

IRS-3 and IRS-4 have the common overall architecture of
the IRS family; however, IRS-3 is much smaller than the other
IRS proteins and has fewer phosphorylation sites (23, 24, 33).
Several in vivo and in vitro analyses have demonstrated that
IRS-3 and IRS-4 can be phosphorylated by insulin and IGF-1,
bind to SH2 domain-containing proteins including PI 3-kinase
and Grb-2 (14, 30, 46), and promote some biological actions of
insulin and IGF-1 (12, 43, 48). However, mice lacking either
the IRS-3 or IRS-4 have recently been created, and, in contrast
to the IRS-1- or IRS-2-deficient mice, IRS-3- and IRS-4-defi-
cient mice have no apparent phenotype (15, 25), raising the
question whether these proteins act as alternative substrates in
the IGF-1 and insulin signaling pathway or play some other
unique roles.

In the present study, we introduced IRS-3 and IRS-4 into
normal wild-type and IRS-1-deficient embryonic fibroblast
cells and investigated the impact of their expression on IGF-1
signaling and biological effects. The data obtained with these
cells suggest that IRS-3 and IRS-4 may act as negative regu-
lators of the IGF-1 signaling pathway by suppressing the func-
tion of other IRS proteins.
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MATERIALS AND METHODS

Materials. Human recombinant IGF-1 was obtained from Pepro Tec, Inc
(Rocky Hill, N.J.). [y-**P]ATP, [«-**P]dCTP, '*I-protein A, and [methyl-*H]thy-
midine were from New England Nuclear Inc. (Woburn, Mass.). Reagents for
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
immunoblotting apparatus were from Bio-Rad Laboratories (Richmond, Calif.).
Aluminum-backed silica gel thin-layer chromatographic plates were from Merck
(Darmstadt, Germany). Protein A-Sepharose 6MB and the enhanced chemilu-
minescence Western blotting kit were from Boehringer Mannheim Co. (India-
napolis, Ind.). Tag DNA polymerase (AmpliTaq Gold) was from Applied Bio-
systems (Foster City, Calif.). ExpressHyb hybridization solution was from
Clontech (Palo Alto, Calif.). All other common materials were from Sigma
Chemical Co. (St. Louis, Mo.).

Antibodies. Polyclonal antibodies to IRS-2 and p85a/B were generous gifts
from M. F. White (Joslin Diabetes Center, Boston, Mass.). Polyclonal antibody
to mouse IRS-4 was kindly provided by G. E. Lienhard (Dartmouth Medical
School, Hanover, N.H.). Antibody to IRS-1 was prepared as described previously
(40). The antibody against IRS-3 was prepared by immunizing rabbits with a
glutathione S-transferase fusion protein containing amino acids 240 to 491 of rat
IRS-3. Monoclonal antibody to phosphotyrosine (PY20) was purchased from
Transduction Laboratories (San Diego, Calif.). Polyclonal antibodies to Akt,
phosphospecific Akt (Ser 473), mitogen-activated protein (MAP) kinase, and
phospho-specific MAP kinase (Tyr204) were from New England Biolabs, Inc.
(Beverly, Mass.). Anti Grb-2 antibody, anti-Shc antibody, and anti-IGF-1 recep-
tor antibody were from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.).

Generation of embryonic fibroblast cell lines. Primary embryonic fibroblasts
were obtained from 16.5-day fetuses of pregnant IRS-1"/~ mice mated with
IRS-17/~ males, as described previously (9). After the genotyping by PCR,
IRS-17/* (wild-type; WT) and IRS-17/~ (IRS-1 knockout or KO) cells were
passaged by the 3T3 protocol to establish permanent cell lines as described
previously (9). Once established, the cell lines were maintained in Dulbecco
modified Eagle medium (DMEM) with 10% fetal bovine serum at 37°C and 5%
CO,. The cells were split every third day and never allowed to reach confluency,
except as specified for experiments.

Plasmids and transfection. Retrovirus expression vectors of human IRS-1
(pBABE-IRS-1) and mouse IRS-2 (pBABE-IRS-2) were prepared as described
previously (9). Rat IRS-3 was generated by PCR from the rat genomic DNA
sequence (33). The intron was removed by PCR overlap extension using the
following two pairs of primers: 5'-CGTGGATCCGCGATGAAGCCTGCAGG
TACG-3' (sense) plus 5'-CTTGGGGGCTGAAACCCATGTTTGCTGGGC
A-3' (antisense) and 5'-TGCCCAGCAAACATGGGTTTCAGCCCCCAAG-3’
(sense) plus 5'-GCTGTCGACGTTCTAGAACTTGATGCTG-3' (antisense)
(19). BamHI and Sall sites were introduced at the 5" and 3’ ends, respectively, of
the coding sequence of IRS-3 by PCR. The subsequently generated coding
sequence of rat IRS-3 was ligated into BamHI and Sall sites in pBABE-puro
(pBABE-IRS-3). Mouse IRS-4 genomic DNA was screened from the BAC
genomic DNA library (Genome Systems Inc. St. Louis, Mo.) by PCR with
specific primers for mouse IRS-4 genomic DNA (13). The AvrII-Clal fragment
encompassing the entire exon 1 of mouse IRS-4 gene was blunt ended and
ligated into the SnaBI site in pBABE-puro (pBABE-IRS-4). The nucleotide
sequences of both IRS-3 and IRS-4 were determined to be identical to the
published sequences (13, 33). ®NX cells were transiently transfected by using the
calcium precipitation technique with 20 pg of plasmid DNA per 10-cm-diameter
dish. The cells were refed 12 to 16 h after transfection, and Polybrene (8
wg/ml)-supplemented virus-containing supernatant was transferred to the target
cells 72 h after transfection. After an overnight infection period, the target cells
were refed. Selection was begun by using 2 pg of puromycin per ml 48 h after
infection. After the selection, the following three WT cell lines and five KO cell
lines were generated: WT cell line infected with pBABE-puro (WT), pBABE-
IRS-3 (WT-3), or pBABE-IRS-4 (WT-4) and KO cell line infected with empty
pBABE-puro (KO), pBABE-IRS-1 (KO-1), pBABE-IRS-2 (KO-2), pBABE-
IRS-3 (KO-1), or pBABE-IRS-4 (KO-4).

Immunoprecipitation and Western blot analysis. For stimulation of IGF-1-
mediated responses, cells were serum deprived overnight in medium containing
0.1% bovine serum albumin (BSA) and then, unless noted otherwise, treated for
the indicated times with IGF-1 at a final concentration of 10 nM in DMEM
supplemented with 0.1% BSA. Protein extracts were prepared by using buffer A
(50 mM HEPES [pH 7.5], 150 mM NaCl, 1 mM EDTA, 2 mM Na; VO,, 20 mM
Na,P,0,, 100 mM NaF, 1% NP-40, 2 mM phenylmethylsulfonyl fluoride, 20 ug
of aprotinin per ml, 10 pg of leupeptin per ml) for 30 min at 4°C, and insoluble
protein was removed by centrifugation at 13,400 X g in a microcentrifuge. The
protein content was determined by the method of Bradford. The extract was then
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resolved directly in SDS-polyacrylamide gels after boiling in Laemmli SDS sam-
ple buffer or subjected to immunoprecipitation with the indicated antibodies. For
immunoprecipitation, 500 g of cellular protein was incubated with the indicated
antibodies for 12 h at 4°C. Immunocomplexes were collected and washed with
buffer A three times and resuspended in SDS sample buffer. Proteins were
separated by SDS-PAGE and transferred to a polyvinylidene difluoride mem-
brane. The blots were blocked with 3% BSA in TBS buffer (10 mM Tris [pH 7.5],
150 mM NaCl), incubated with antibodies in TBS containing 2% BSA, and then
incubated with either secondary antibodies conjugated to horseradish peroxidase
or '*I-protein A. The immunoreactive bands were visualized by either enhanced
chemiluminescence or a Molecular Dynamics PhosphorImager.

PI 3-kinase assay. Quiescent cells were stimulated for 10 min with 10 nM
IGF-1 in DMEM containing 0.1% BSA. After three washes with ice-cold phos-
phate-buffered saline (PBS), cells were lysed in PI-3 kinase buffer (20 mM Tris
[pH 7.4], 137 mM NaCl, 1 mM MgCl,, 1 mM CaCl,, 2 mM Na; VO,, 10%
glycerol, 1% NP-40, 1 mM phenylmethylsulfonyl fluoride, 10 pg of aprotinin per
ml, 10 pg of leupeptin per ml) for 10 min at 4°C and cleared by centrifugation at
13,400 X g at 4°C, and the protein content of the supernatant was determined.
A 250-pg portion of cellular protein was subjected to immunoprecipitation for
2 h at 4°C. The resulting immunocomplexes were washed three times with PBS
containing 1% NP-40, three times with 500 mM LiCI-100 mM Tris (pH 7.5), and
twice with reaction buffer (10 mM Tris [pH 7.5], 100 mM NaCl, 1 mM EDTA).
The pellets were resuspended sequentially in 50 ul of reaction buffer, 10 .l of 100
mM MgCl,, and 10 pl of PI (2 pg/ul) and sonicated in 10 mM Tris (pH 7.5)
containing 1 mM EDTA. The phosphorylation reaction was started by adding 5
ul of 65 uM ATP containing 3 wCi of [y->’P]ATP. After 15 min at room
temperature, the reaction was stopped with 20 ul of 8 N HCl and then 160 pl of
CHCl3-methanol (1:1). The samples were briefly centrifuged, and the lower
(organic) phase was spotted on thin-layer silica gel chromatography plates. The
plates were developed in CHCl;-methanol-H,O-NH,OH (120:94:23:2.4), dried,
visualized, and quantified on a Molecular Dynamics PhosphorImager.

RT-PCR analysis. Total RNA was isolated from serum-starved cells with
TRIzol reagent (GIBCO-BRL, Gaithersburg, Md.). Isolated RNA was treated
with DNase I as recommended by the manufacturer (GIBCO-BRL). First-strand
cDNA was synthesized from 5 wg of total RNA by using a first-strand cDNA
synthesis kit (GIBCO-BRL) with a random primer. In control reactions, water
replaced the reverse transcriptase. Aliquots of the reverse transcription RT and
control reaction mixtures were amplified by PCR using AmpliTaq Gold and the
following pairs of primers: 5'-~AGCGAGCTCGAGCATGGCGAGCCCTC-3’
and 5'-ATCGTCGACTCGAGATCTCCGAGTCA-3' for mouse IRS-1, 5'-AA
GGCCAGCACCTTACCTCG-3" and 5'-AGCCATGGTGGCCCTGGGCAG-3'
for human IRS-1, 5'-CTCTGACTATATGAACCTG-3" and 5'-ACCTTCTGG
CTTTGGAGGTG-3' for mouse IRS-2, 5'-GGCCCCACAGTCTCCTCCGG-3'
and 5'-GCCTCTTGGGGACTGAAAC-3' for mouse and rat IRS-3, and 5'-CC
CTTCTACAAAGATGTGTGGC-3' and 5'-TCTCCAGAAACAGCTCATG
C-3' for mouse IRS-4. The PCR products were separated on a 2% agarose gel
and visualized by ethidium bromide staining.

Northern blot analysis. Northern blot analysis was performed by standard
techniques in denaturing formamide-containing agarose gels (31). Total RNA
was isolated by using TRIzol reagent. A 10-pg sample of total RNA was sub-
jected to electrophoresis in 1% agarose gels. Ethidium bromide staining of the
gels confirmed equal loading and integrity of the RNA. After being transferred
to a nylon membrane, the blots were hybridized in ExpressHyb hybridization
solution with [a->?P]dCTP-labeled probes. After incubation for 2 h at 65°C, the
blots were washed twice in 1X SSC buffer (150 mM NaCl, 15 mM sodium
citrate)-0.1% SDS for 20 min each at room temperature and once for 30 min in
0.1x SSC-0.1% SDS at 50°C. The membranes were air dried and subjected to
autoradiography.

[methyl-*H]thymidine incorporation into DNA. Cells were plated at a density
of 2 X 10° per well in 24-well dishes. After 1 day, the medium was changed for
48 h to DMEM with 0.1% BSA. The cells were then stimulated with IGF-1 for
15 h and pulsed with 1 uCi of [methyl->H]thymidine per well for 1 h at 37°C.
After two washes with ice-cold PBS, the cells were incubated in ice-cold 10%
trichloroacetic acid (TCA) for 1 h. TCA-precipitated DNA was washed once with
ice-cold 10% TCA, lysed for 30 min in 0.1 N NaOH-0.1% SDS solution, and
then counted for incorporated radioactivity. All assays were performed in dupli-
cate.

Statistical analysis. Data are expressed as mean * standard error of the mean
(SEM). Differences between two groups were evaluated by an unpaired Student
t test. P < 0.05 was defined as indicating the presence of a statistically significant
difference.
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FIG. 1. Expression of the four IRS proteins in various mouse embryonic fibroblast cell lines. (A) RT-PCR for IRS-1, IRS-2, IRS-3, and IRS-4
mRNA was performed on total RNA prepared from the three WT cell lines (transfected with empty pBABE [WT], rat IRS-3 [WT-3], or mouse
IRS-4 [WT-4] viruses) and the five IRS-1 KO cell lines (transfected with empty pBABE [KO], human IRS-1 [KO-1], mouse IRS-2 [KO-2], rat
IRS-3 [KO-3], or mouse IRS-4 [KO-4] viruses). The sizes of the bands specific for the IRS proteins were 922 bp (mouse IRS-1), 498 bp (human
IRS-1), 339 bp (IRS-2), 431 bp (IRS-3), and 294 bp (IRS-4). (B) Northern blot analysis of IRS-1 and IRS-2 mRNA. Total RNA (10 pg) prepared
from serum-starved cells were separated on formaldehyde-containing agarose gels and transferred to nylon membranes. Equal loading and
integrity of the RNA were confirmed by ethidium bromide staining of agarose gels (upper panel). Blots were hybridized with a specific probe for
either IRS-2 (middle panel) or IRS-1 (lower panel) and visualized by autoradiography. (C) Equal amounts of cell extracts from serum-starved cells
were separated by SDS-PAGE and analyzed by immunoblotting using the indicated antibodies. The experiments shown are representative of

multiple experiments.

RESULTS

Expression of endogenous and retroviral introduced IRSs in
embryonic fibroblast cells. To analyze the impact of IRS-3 or
IRS-4 expression on the IGF-1 signaling pathway, immortal-
ized embryonic fibroblast cell lines prepared from normal
(IRS-1*/*) mice (WT) and IRS-1"/~ knockout mice (KO) by
infection with pBABE retrovirus containing rat IRS-3 or
mouse IRS-4. KO cells were also infected with pPBABE con-
taining either human IRS-1 or mouse IRS-2 to reconstitute the
impaired signaling caused by IRS-1 deficiency. Expression of
the four potential endogenous and exogenous IRS genes was
examined by RT-PCR using sets of specific primers for each
IRS coding sequence. Because the primer pairs for IRS-1,
IRS-2, and IRS-4 were designed within one exon, the RNA
samples were also amplified by PCR without RT to rule out
contamination of the RNA samples by genomic DNA. A frag-
ment amplified by mouse IRS-1 primers was detectable in all
WT cell lines infected with either empty pBABE-puro (WT),
pBABE-IRS-3 (WT-3), or pBABE-IRS-4 virus (WT-4) (Fig.

1A). A smaller fragment, which was amplified by the primers
for human IRS-1, was detected from only IRS-1 virus-infected
KO cells (KO-1 cells). A fragment amplified by the IRS-2
primers appeared in all cell lines (Fig. 1A). By contrast, am-
plified IRS-3 and IRS-4 fragments were detected from only the
cells transfected with either IRS-3 (WT-3 and KO-3) or IRS-4
(WT-4 and KO-4), respectively (Fig. 1A). No visible fragment
was detected from any PCR samples without RT (data not
shown).

To quantitate the expression levels of IRS-1 and IRS-2
mRNA, total RNA prepared from serum-starved cells was
subjected to Northern blot analysis. The level of IRS-2 mRNA
in KO cells was slightly higher than that in WT cells (121% =+
5.4% of control), whereas IRS-3-expressing cells (WT-3 and
KO-3) showed a marked decrease in IRS-2 mRNA levels com-
pared to their host cells (52% * 5.4% and 11% * 7.8% in
WT-3 and KO-3, respectively) (Fig. 1B). IRS-4 expression also
caused an significant decrease in IRS-2 mRNA expression in
KO-4 cells (41% = 7.8%) and produced a tendency toward
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reduced IRS-2 mRNA levels in WT-4 cells. In contrast, en-
dogenous IRS-1 gene expression in WT cell lines was not
changed by IRS-3 or IRS-4 expression (Fig. 1B).

To confirm the IRS protein expression level, cell lysates
were prepared from serum-starved cells and analyzed by West-
ern blotting using the respective anti-IRS protein antibodies.
IRS-1 protein was detected in all WT cell lines, and the protein
amount was not altered by IRS-3 or IRS-4 expression (Fig.
1C). KO-1 cells overexpressed IRS-1 twofold compared to WT
cells. As expected from the results of RT-PCR, IRS-2 protein
was detected in all cell lines (Fig. 1C). KO cells exhibited a
~20% increase in IRS-2 protein expression compared to that
in WT cells (122% = 5.4% with respect to WT cells), and this
was not altered by IRS-1 overexpression in KO-1 cells. KO
cells transfected with IRS-2 revealed a fivefold overexpression
of IRS-2 compared with the IRS-1 KO cells. Both IRS-3 and
IRS-4 proteins could be detected only in KO and WT cells
infected with expression retroviruses and migrated at 60 and
155 kDa, respectively (Fig. 1C). The expression level of these
proteins was about threefold higher in KO cell lines than in
WT cell lines in which these cDNAs had been introduced (Fig.
1C). By Western blot analysis with an IRS-4 specific antibody,
an additional (85-kDa) protein was detected in both WT-4 and
KO-4 cells. This protein was also detected by the phosphoty-
rosine (PY) antibody (see Fig. 2) and could bind with p85 (see
Fig. 3), suggesting that this protein is degraded IRS-4. Surpris-
ingly, following expression of either IRS-3 or IRS-4, both WT
and KO cell lines showed a significant decrease in IRS-2 pro-
tein expression compared with their host cells (~61% = 7.2%
and ~45% = 6.0% reduction in WT-3 and WT-4 cells and
~78% * 11.2% and ~60% = 9.3% reduction in KO-3 and
KO-4 cells, respectively). There was no significant change in
the amount of other signaling molecules, including IGF-1 re-
ceptor, p85 subunit of PI 3-kinase, Akt, Grb-2, and p44/42
MAP kinase (data not shown).

IRS protein tyrosine phosphorylation and its association
with p85 PI 3-kinase. To examine the tyrosine phosphorylation
of IRS proteins, serum-deprived cells were stimulated with 10
nM IGF-1 for 3 min and cell lysates were analyzed by Western
blotting with antiphosphotyrosine (PY) antibody. In WT and
KO cells, IGF-1 caused a rapid tyrosine phosphorylation of the
175- to 185-kDa protein, which corresponded to phosphory-
lated endogenous IRS-1 and/or IRS-2 (Fig. 2A). The intensity
of this band in IGF-1-treated KO cell was ~20% lower than
that in WT cells (Fig. 2B). A stronger phosphotyrosine signal
appeared at 175 to 185-kDa in IGF-1-treated KO-1 and KO-2
cells, corresponding to phosphorylated endogenous and exog-
enous IRS-1 and IRS-2, and the intensity was increased by 1.5-
and 3-fold from that in KO cells, respectively (Fig. 2A and B).
In both WT-3 and KO-3 cells, IGF-1 led to an increase in the
intensity of a band corresponding IRS-3 (60 kDa) (Fig. 2A and
B). In addition, in these IRS-3-expressing cells, the signal of
phosphorylated 175- to 185-kDa protein (representing IRS-1
and/or IRS-2) showed a marked decrease (~87%) from that in
control cells (Fig. 2A and B). IGF-1 caused phosphorylation on
two proteins (155 and 85 kDa) in both WT-4 and KO-4 cells
(Fig. 2A and B). More importantly, these cells also showed a
~85% decrease in 175- to 185-kDa protein phosphorylation.
This decrease of IRS-1 and IRS-2 phosphorylation seen in
IRS-3- and IRS-4 expressing cells could be explained only in
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FIG. 2. IGF-1-induced tyrosine phosphorylation of IRS proteins.
(A) Serum-starved cells were stimulated with 10 nM IGF-1 for 3 min
at 37°C. Equal amounts of proteins in cell lysates were separated by
SDS-PAGE and immunoblotted with PY-specific antibody. Arrows
indicate the migration of proteins immunoreactive with each IRS pro-
tein-specific antibody. The 85-kDa protein was detectable in WT-4 and
KO-4 cells. The experiment shown is representative of multiple exper-
iments. (B) The relative intensity of the PY band corresponding to
IRS-1 and IRS-2 in each lane was measured by densitometric analysis.
The phosphorylation level is expressed as a percentage of the intensity
observed in IGF-1-induced WT cells and is presented as mean and
SEM of four independent experiments. (C) Total tyrosine phosphor-
ylation level of the four IRS proteins. Relative intensities of the area
corresponding to IRS-1, IRS-2, IRS-3, and IRS-4 in each lane were
measured separately by densitometric analysis. The sum total intensi-
ties of four IRS proteins were calculated and expressed as percentages
of the intensity seen in IGF-1-induced WT cells.

part by a decrease in the amount of IRS-2 protein, since WT-3
and WT-4 cells express equal amounts of IRS-1 compared with
WT cells. The sum of the intensities of the bands correspond-
ing to all phosphorylated IRS proteins in IGF-1-treated WT-3
and WT-4 cells was about 70 and 50% of the intensity in WT
cells, respectively (Fig. 2C). Total IRS protein phosphorylation
in KO-3 cells was significantly higher (~125%) than that in
control cells, whereas the level in KO-4 cell was comparable to
that in WT-4 cells.

An important component of the IRS-1- and IRS-2-mediated
response to IGF-1 is docking of the p85 regulatory subunit of
PI 3-kinase to tyrosine-phosphorylated IRS proteins and acti-
vation of the p110 catalytic subunit. Thus interaction could be
detected in all cells by immunoprecipitation with anti-p85 an-
tibody following Western blotting with anti-PY antibody. In
WT, KO, KO-1, and KO-2 cells treated with IGF-1, a strong
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FIG. 3. Association of IRS proteins with p85 subunit PI 3-kinase. Serum-starved cells were stimulated with 10 nM IGF-1 for 3 min at 37°C. The
protein concentration of cell lysates was determined, and equal amounts of proteins were immunoprecipitated (IP) with anti-p85 antibody and
analyzed by immunoblotting with anti-PY antibody (upper panel) or anti-p85 antibody (lower panel). The result shown is representative of multiple
experiments. Arrows indicate the migration of proteins immunoreactive with each IRS protein-specific antibody. The 85-kDa protein detectable
in WT-4 and KO-4 cells probably represents a degradation fragment of IRS-4.

signal was detected at 175 to 185 kDa, corresponding to phos-
phorylated IRS-1 and IRS-2, while a fainter signals were seen
in WT-3 and WT-4 cells (Fig. 3). A strong signal at 60 kDa was
also detected in both WT-3 and KO-3 cells in the basal state,
and IGF-1 stimulation caused a marked increase in the inten-
sity of this band (Fig. 3). We detected 155- and 85-kDa PY
proteins in only WT-4 and KO-4 cells (Fig. 3). These results
confirm that tyrosine-phosphorylated IRS-3 and IRS-4 bind
the p85 subunit of PI 3-kinase in these cells. Furthermore, the
levels of p85 subunit in these cells were similar, indicating
IRS-3 and IRS-4 expression did not affect the p85 protein level
(Fig. 3).

Interaction of the IRS proteins with p85 could also be de-
tected by Western blot analysis of anti-PY precipitates with
anti-p85 antibody. In all cell lines, IGF-1 treatment led to a
significant increase in the amount of precipitated p85 (Fig. 4A
and B). The increased p85 precipitation following IGF-1 stim-
ulation is likely to be associated with the phosphorylated IRS
proteins, since the IRS proteins were major PY proteins which
showed IGF-1-induced increases in coimmunoprecipitation
with p85 (Fig. 3). However, IRS-4 binding to p85 in WT-4 and
KO-4 cells was very weak (Fig. 3); thus, p85 might also be
associated with other PY proteins in these cells. The amount of
p85 coprecipitated in anti-PY precipitates in IGF-1 stimulated
cells correlated with the level of total tyrosine phosphorylation
of all four IRS proteins, as shown in Fig. 2, in most cell types
(Fig. 4B). The exception was in the IRS-2- or IRS-3-expressing
cell lines (KO-2, WT-3, and KO-3). These cells showed rela-
tively less p85 precipitation with respect to the phosphorylation
levels of IRS proteins. We have confirmed that all the phos-
phorylated IRS proteins were precipitated almost completely
with anti-PY antibody by immunoblotting of the supernatants
in the immunoprecipitation tubes (data not shown). Therefore,
this reduced p85 binding in IRS-2- or IRS-3-overexpressing
cells was not due to a lower efficiency of immunoprecipitation
in these cell lines.

PI 3-kinase activity in PY antibody-precipitated samples par-
alleled the amount of p85 precipitated by anti-PY antibody,
and no significant difference was found between these two
values except in IRS-4-expressing cells (Fig. 4B). The relative
value of PI 3-kinase activity in samples precipitated from WT-4

and KO-4 cells was significantly higher than that of p85 asso-
ciation under both basal and IGF-1-stimulated conditions, sug-
gesting that IRS-4 may also associate with other proteins that
can activate PI 3-kinase.

Inhibition of IRS-1- and IRS-2-mediated IGF-1 signaling by
IRS-3 or IRS-4 expression. To investigate how IRS-3 or IRS-4
expression affects IRS-1- and IRS-2-mediated IGF-1 signaling
pathways, we individually analyzed IRS-1 and IRS-2 tyrosine
phosphorylation and p85 binding by immunoprecipitation with
IRS-1- or IRS-2-specific antibodies followed by Western blot-
ting. There was no significant difference in the IRS-1 protein
content between WT, WT-3, and WT-4 cells (Fig. 5A). Nev-
ertheless, both WT-3 and WT-4 cells showed a ~50% decrease
in IGF-1-stimulated IRS-1 tyrosine phosphorylation compared
to WT cells (Fig. 5B and C). The level of IGF-1-induced p85
association per IRS-1 protein in WT-3 and WT-4 cells was also
reduced to ~15% of that in control cells, a decrease that was
significantly greater than the decrease in IRS-1 tyrosine phos-
phorylation (Fig. 5D and E). KO-1 cells showed a ~90% in-
crease in tyrosine phosphorylation compared to that in WT
cells (Fig. 5B), and this increase was comparable to the in-
crease in the amount of IRS-1 (Fig. 5C). These cells also
showed a ~30% decrease in p85 association per IRS-1 protein
(Fig. SE).

Immunoprecipitation with anti-IRS-2 antibody followed by
IRS-2 immunoblotting reproduced the results of the Western
blot analysis using whole-cell lysates (Fig. 6A). Thus, WT-3,
WT-4, KO-3, and KO-4 cells showed a marked decrease in
IRS-2 content (~62, 40, 70, and 70%, respectively, from their
control cells), while KO-2 cells exhibited a fivefold overexpres-
sion of IRS-2 compared to KO cells (Fig. 6A). The intensity of
IGF-1-stimulated tyrosine-phosphorylated IRS-2 correlated in
general with the level of IRS-2 protein (Fig. 6C). The excep-
tion was in the two IRS-4-expressing cell lines, WT-4 and
KO-4, which showed ~59 and ~64% reductions in IRS-2 phos-
phorylation, respectively (Fig. 6C). The IRS-2 phosphorylation
level per IRS-2 protein in IRS-3-expressing KO-3 cells also
tended to be lower than that in control, although the decrease
was not statistically significant (Fig. 6C). Interestingly, p85
association with IRS-2, adjusted for changes in IRS-2 protein
content, was significantly reduced in WT-4 and KO-4 cells, as
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FIG. 4. PY-containing protein-associated p85 and PI 3-kinase ac-
tivity. (A) Serum-starved cells were stimulated with 10 nM IGF-1 for
10 min at 37°C. Cell lysates were immunoprecipitated (IP) with an-
ti-PY antibody and immunoblotted with anti-p85 antibody. The exper-
iment shown is representative of multiple experiments. (B) Quantita-
tion of four independent experiments. The results are expressed as the
percentage of the level present in IGF-1-induced WT cells and are
presented as the mean and SEM of four experiments. (C) IGF-1-
stimulated activation of PI 3-kinase. Quiescent cells were stimulated
with 10 nM IGF-1 for 10 min at 37°C, and in vitro kinase assays of cell
lysates were performed as described in Materials and Methods using
anti-PY immunoprecipitates. Phosphorylated PI was quantified on a
Molecular Dynamics PhosphorImager. Results are expressed as per-
centages of IGF-1-induced WT cells and are the mean and SEM of
three independent experiments.

well as in WT-3 and KO-3 cells (Fig. 6D and E). These results
suggest that expression of either IRS-3 or IRS-4 can cause
inhibition of IRS-1- and IRS-2-mediated signaling in at least
three steps: (i) decreasing the amount of IRS-2 protein, (ii)
decreasing the phosphorylation of IRS-1 and IRS-2, and (iii)
decreasing the association of p85 with IRS-1 or IRS-2.
Impact of IRS-3 or IRS-4 expression on Akt phosphoryla-
tion. Activation of PI 3-kinase leads to the formation of phos-
phatidylinositol-3,-4-bisphosphate [P1(3,4)P,] and/or PI(3,4,5)P;,
thereby recruiting Akt (PKB/Rac) to membranes and promot-
ing its phosphorylation by other membrane-associated phos-
pholipid-dependent kinases (1, 2). Ser473 phosphorylation
plays an important role in the activation of Akt; therefore, we
examined the activity of the Akt pathway by Western blotting
with Akt phosphoserine 473-specific antibody. IGF-1 treat-
ment caused a great increase in Ser phosphorylation of Akt in
all cell types, and the levels of phosphorylation in cells treated
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with IGF-1 roughly paralleled the increase in PI 3-kinase ac-
tivity (Fig. 7). Interestingly, IRS-3- or IRS-4-overexpressing
cells also showed significant increases in phosphorylation of
Akt in the absence of IGF-1 (i.e., in the basal state), resulting
in poor stimulation.

Impact of IRS-3 or IRS-4 expression on MAP kinase signal-
ing. The MAP kinase cascade is another major signaling cas-
cade activated by insulin or IGF-1 stimulation. Tyrosine-phos-
phorylated IRS proteins, as well as tyrosine-phosphorylated
She, can bind to Grb-2, which links signaling via Ras to a
cascade of serine/threonine kinases, Raf, MAP kinase kinase,
and MAP kinase (32). We examined the activation of this
pathway by Western blotting with a phospho-p44/p42 MAP
kinase-specific antibody. Elevated basal phosphorylation of
p44/p42 MAP kinase was observed in WT-4, KO, KO-2, and
KO-4 cells (95, 107, 200, and 105% increase from basal phos-
phorylation of WT cells, respectively) (Fig. 8A). Following
IGF-1 stimulation, all cell lines except KO-4 showed a signif-
icant increase in MAP kinase phosphorylation from their basal
states (Fig. 8A). WT-3 cells showed the greatest phosphoryla-
tion (1.8-fold increase from WT cells).

The association of Grb-2 with IRS proteins and Shc was
assessed by coimmunoprecipitation with either anti-PY anti-
body or anti-Grb-2 antibody. IGF-1-induced Grb-2 binding to
IRS proteins was confirmed by immunoprecipitation with anti-
Grb-2-specific antibody following Western blotting with an-
ti-PY antibody (Fig. 8B). In the precipitates from IGF-1-stim-
ulated cells, all four tyrosine-phosphorylated IRS proteins
were clearly detected, although the signal of phosphorylated
IRS-4 was faint, especially in WT-4 cells. By contrast, phos-
phorylated Shc, another receptor substrate which could link
the IGF-1 signal to Grb-2, was not detectable in Grb-2 anti-
body precipitates blotted with anti-PY antibody (Fig. 8B) or
anti-She specific antibody (data not shown). This suggests that
IRS proteins, but not Shc, are the main receptor substrates
which bind to Grb-2 in these cell lines.

IGF-1 caused a significant increase in Grb-2 precipitation by
anti-PY antibody in both WT and KO control cells (Fig. 8C).
IRS-1 or IRS-2 overexpression in KO cells caused a significant
elevation of IGF-1-induced Grb-2 association compared to
that in control cells, suggesting that Grb-2 can bind to tyrosine-
phosphorylated IRS-1 or IRS-2 in these cells. IRS-3 expression
in WT cells also caused a slight increase in the amount of
precipitated Grb-2 in the basal state, and the IGF-1-induced
Grb-2 association was similar to that in WT cells. In contrast to
WT-3 cells, KO-3 cells showed about a threefold increase in
Grb-2 precipitation in the basal state and did not show an
IGF-1-induced increase in Grb-2 coprecipitation. Both of the
IRS-4 expressing cells, WT-4 and KO-4, showed no IGF-1-
induced increase in Grb-2 precipitation. This PY-associated
Grb-2 protein levels did not parallel MAP kinase phosphory-
lation levels.

IGF-1-mediated immediate-early gene induction in IRS-3-
or IRS-4 expressed cells. IGF-1 stimulates immediate-early
gene induction and mitogenesis in 3T3 cells, and both of these
biological effects are impaired by IRS-1 deficiency (9). Previ-
ous studies in our laboratory have shown that in IRS-17/~ cells
early gene induction could be reconstituted by either IRS-1 or
IRS-2 whereas mitogenesis could be reconstituted by IRS-1
but was not fully reconstituted by IRS-2 (9). Therefore, we
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FIG. 5. Tyrosine phosphorylation of IRS-1 and its association with p85 PI 3-kinase. Serum-starved cells were stimulated with 10 nM IGF-1 for
3 min at 37°C. (A, B, and D) The protein concentration of cell lysates was determined, and equal amounts of proteins were immunoprecipitated
with anti-IRS-1 antibody and immunoblotted with anti-IRS-1 antibody (A), anti-PY antibody (B), or anti-p85 antibody (D). Blots were visualized
by autoradiography (upper panels of A, B, and D) and quantified (lower panels of A, B, and D). Quantitative results, expressed as percentages
of IGF-1-induced WT cells, represent the mean and SEM of three independent experiments. (C) The levels of tyrosine phosphorylation per IRS-1
protein in IRS-1-positive cells (WT, WT-3, WT-4, and KO-1 cells) were calculated by dividing the relative phosphorylation level of IRS-1 measured
in panel B by the relative amount of IRS-1 protein shown in panel A. (E) The levels of p85 association per IRS-1 were calculated by dividing the
amount of IRS-1-associated p85 in panel D by the amount of IRS-1 protein in panel A.

evaluated the role of IRS-3 and IRS-4 in these IGF-1-medi-
ated biological responses. IGF-1-mediated immediate-early
gene induction was examined by Northern blot analysis using a
probe against the early growth response 1 (egr-1) cDNA (Fig.
9A). Compared to WT cells, KO cells showed significantly
higher basal egr-1 gene expression (about a fourfold increase
from WT cells) (Fig. 9B). IRS-3 or IRS-4 overexpression in
WT cells caused a significant increase in expression of this gene
in the basal state (about three- and fourfold above that in WT
cells, respectively). The elevated basal egr-1 expression in KO
cells was decreased to the WT level by IRS-1 overexpression.
IRS-2, IRS-3, or IRS-4 overexpression in KO cells did not
cause any change in basal egr-1 gene expression compared to
that in nontransfected KO cells. Since each cell line exhibited
a somewhat different level of egr-1 mRNA expression in the
basal state, we evaluated the IGF-1-induced gene expression as
a function of the increase in egr-1 mRNA expression from

basal in each cell type (Fig. 9C). Compared to WT cells, KO
cells showed a ~32% decrease in IGF-1-induced egr-1 gene
expression, and this impairment was fully recovered by exog-
enous IRS-1 (KO-1 cells) or IRS-2 (KO-2) expression (Fig.
9C). Interestingly, IRS-3 expression in WT cells, but not in KO
cells, was associated with an increase in egr-1 gene expression
(220% of that in WT cells), while IRS-4 expression led to an
impaired response in both WT and KO cells. The level of egr-1
gene expression roughly paralleled the level of MAP kinase
phosphorylation in each cell line.

IGF-1-mediated mitogenesis in IRS-3- or IRS-4-expressing
cells. As previously noted (9), mitogenesis, as measured by
[methyl->H]thymidine incorporation into DNA, was impaired
in IRS-1 KO cells compared to WT cells (Fig. 10). In the
present study, there was a ~55% decrease in IGF-1-induced
DNA synthesis in the KO cells (Fig. 10B). Overexpression of
IRS-1 reversed the decrease in [methyl->H]thymidine incorpo-
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FIG. 6. Tyrosine phosphorylation of IRS-2 and its association with p85 PI 3-kinase. Cell lysates prepared as described in the legend to Fig. 5
were immunoprecipitated with anti-IRS-2 antibody and immunoblotted with anti-IRS-2 antibody (A), anti-PY antibody (B), or anti-p85 antibody
(D). The results are expressed as in Fig. 5. All of the results, expressed as percentages of IGF-1-induced WT cells, are presented as the mean and

SEM of three independent experiments.

ration to supranormal level (200%), while overexpression of
IRS-2 brought this response back to a level similar to that in
WT cells. IRS-3 overexpression had no effect on IGF-1-stim-
ulated DNA synthesis in WT-3 cells and produced an effect
similar to IRS-2 in KO-3 cells. By contrast, IRS-4 expression
caused a ~55% decrease in IGF-1-induced DNA synthesis in
WT-4 cells. The reduced DNA synthesis in IRS-1 KO cells was
not improved by overexpression of IRS-4.

DISCUSSION

A variety of studies have demonstrated the importance of
the IGF-1 receptor-mediated signals in embryonic growth and
development (6, 10, 34). The IRS proteins are major substrates
of both insulin receptor and IGF-1 receptor tyrosine kinases.
The four known IRS proteins share similar overall architec-
ture, including conservation of numerous tyrosine phosphory-
lation sites that bind SH2 domain-containing proteins (14, 24,
40, 41). Disruption of the IRS-1 gene causes severe intrauter-
ine growth retardation; however, mice deficient for other IRS
proteins show little or no impairment in growth (15, 25, 45),

suggesting that the four IRS proteins play different roles in
growth and development.

Using embryonic fibroblast cell lines created from IRS-1 KO
and normal WT mouse embryos, we previously demonstrated
some aspects of differential IGF-1 signaling that occurs via
IRS-1 and IRS-2 (9). In the present study, we have used these
cells to evaluate the impact of IRS-3 and IRS-4 on IGF-1
signaling and the interaction of these substrates on the IRS-1-
and IRS-2-mediated signaling pathway. We found that both
IRS-3 and IRS-4 are phosphorylated upon IGF-1 stimulation
and that both bind the p85 subunit of PI 3-kinase and Grb-2.
Interestingly, however, both IRS-3 and IRS-4 have some in-
hibitory effects on IRS-1- and IRS-2-mediated IGF-1 signaling.
These effects occur at three steps in the signaling pathway.
Thus, both IRS-3 and IRS-4 expression cause a decrease in
IRS-2 protein production. IRS-3 expression also decreases
IGF-1-stimulated tyrosine phosphorylation of IRS-1, while
IRS-4 expression decreases the phosphorylation of both IRS-1
and IRS-2. Finally, both IRS-3 and IRS-4 can decrease the
association between p85 and IRS-1 or IRS-2.
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FIG. 7. Effect of IRS protein overexpression on Akt phosphorylation in embryonic fibroblast cell lines. After overnight serum starvation, cells
were stimulated with 10 nM IGF-1 for 10 min at 37°C. Cell lysates were subjected to SDS-PAGE and analyzed by Western blotting with
anti-phospho-Akt antibody (Ser473). Blots were visualized by autoradiography (upper panel) and quantified by scanning densitometry (lower panel).
Quantitative results, expressed as percentages of IGF-1-induced WT cells, are presented as the mean and SEM of three independent experiments.

The ability of either IRS-3 or IRS-4 expression to cause a
decrease in IRS-2 protein occurs without any change in the
amount of IRS-1 or other signaling components measured in
WT and KO cell lines. This decrease of IRS-2 protein could be

due to the reduction in the protein synthesis, since IRS-3- and
IRS-4-expressing cells showed a decreased IRS-2 mRNA level
under serum-starved condition, although the decrease found in
WT-4 cells is not statistically significant. This effect may also be
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FIG. 8. (A) Effect of IRS protein overexpression on MAP kinase phosphorylation in embryonic fibroblast cell lines. After overnight serum
starvation, cells were stimulated with 10 nM IGF-1 for 10 min at 37°C. Cell lysates were subjected to SDS-PAGE and analyzed by Western blotting
with anti-phospho-p44/42 MAP kinase antibody (Tyr204). Blots were visualized by autoradiography (upper panel) and quantified by scanning
densitometry (lower panel). Quantitative results are expressed as percentages of the level present in IGF-1-induced WT cells and are presented
as the mean and SEM of three independent experiments. (B) Association of IRS proteins with Grb-2. Serum-starved cells were stimulated with
10 nM IGF-1 for 3 min at 37°C. Protein samples were immunoprecipitated (IP) with anti-Grb-2 antibody and analyzed by immunoblotting with
anti-PY (upper panel) or anti-Grb-2 antibody (lower panel). Arrows indicate the migration of proteins immunoreactive with each IRS protein-
specific antibody. (C) Grb-2 binding with PY proteins. Serum-starved cells were stimulated with 10 nM IGF-1 for 3 min at 37°C. Protein samples
were immunoprecipitated with anti-PY antibody and analyzed by immunoblotting with anti-Grb-2 antibody.
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FIG. 9. Effect of IRS protein overexpression on IGF-1-induced
immediate-early gene expression. (A) After overnight serum starva-
tion, cells were stimulated with 10 nM IGF-1 for 30 min at 37°C. RNA
samples extracted from serum-starved or IGF-1-stimulated cells were
separated on formaldehyde-containing agarose gels and transferred to
nylon membranes. Equal loading and integrity of the RNA were con-
firmed by ethidium bromide staining of agarose gels (upper panel).
Blots were hybridized with a specific probe for the egr-1 gene as
described in the text and visualized by autoradiography (lower panel).
(B and C) The blots were quantified on a Molecular Dynamics Phos-
phorImager. Results are expressed as percentages of IGF-1-induced
WT cells (B) and the increases from basal values by IGF-1-induction
from the basal condition (C). Data represent the mean and SEM of
three independent experiments.

cell specific, since IRS-3-deficient mice show no significant
change in IRS-2 protein content in adipose tissues (25). De-
spite the finding that IRS-1-deficient fibroblasts have a slight
increase (~20%) in IRS-2 mRNA and protein content, IRS-1
overexpression does not cause a decrease in endogenous IRS-2
protein, indicating that this effect of IRS-3 and IRS-4 is rela-
tively specific.

Both IRS-3 and IRS-4 have been clearly tyrosine-phosphor-
ylated by IGF-1 stimulation, confirming that both of them are
potential IGF-1 substrates. However, it may be difficult to
compare directly the tyrosine phosphorylation levels of IRS-3
with those of other IRS proteins since IRS-3 has fewer tyrosine
phosphorylation motifs and this protein gives a wide band on
the gel. The different IRS proteins may transfer to the blotting
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FIG. 10. Effect of IRS protein overexpression on IGF-1-mediated
mitogenesis in embryonic fibroblast cell lines. Quiescent cells were
cultured in the presence or absence of 10 nM IGF-1 for 15 h and
pulsed with 1 uCi of [methyl-*H]thymidine per 2 X 10° cells for 1 h at
37°C. Radioactivity in trichloroacetate-precipitable DNA was mea-
sured with a scintillation counter. Results represent the mean and
SEM of four independent experiments and are expressed as net cpm
per 10° cells in the presence or absence IGF-1 (A) or the increase due
to the presence of IGF-1 in each cell line (B).

membrane with different efficiencies and may react with their
respective antibodies with different affinities.

All the IRS-3- and IRS-4-overexpressing cells show a drastic
decrease in tyrosine-phosphorylated IRS-1 and IRS-2. This is
not simply due to the reduced IRS-2 protein content, since
tyrosine phosphorylation is reduced even when normalized for
protein content. This suggests a competition by IRS-3 and
IRS-4 for either the IGF-1 receptor kinase domain itself or the
NPXY motif in the juxtramembrane domain of the IGF-1
receptor that binds the IRS substrates (46). Indeed, the affinity
of each IRS protein for the insulin or IGF-1 receptor may not
be same. In a previous study, we found that IRS-3 binds more
strongly than IRS-1 to immobilized peptides containing a
phosphorylated NPXY motif (37). A study using the yeast
two-hybrid system also revealed that interaction of IRS-3 with
the insulin receptor is comparable to that of IRS-2 and stron-
ger than that of IRS-1 (46). Therefore, it is possible that IRS-3
and IRS-4 inhibit the phosphorylation of other IRS proteins by
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competing for binding to the NPXY motif in the IGF-1 recep-
tor. To confirm this hypothesis, we have examined the IRS
protein—-IGF-1 receptor binding by coimmunoprecipitation
analysis of the IRS protein—-IGF-1 receptor complexes. How-
ever we could not detect the receptor in the precipitates with
IRS-1- or IRS-2-specific antibody, even in WT cells, suggesting
that the IGF-1 receptor-IRS protein complexes are not abun-
dant or sufficiently stable to be detected by coimmunoprecipi-
tation (data not shown). The subcellular distribution has also
been shown to be different for the IRS proteins. IRS-1 and
IRS-2 are located mainly in the low-density microsome frac-
tion while IRS-3 is associated more with the plasma membrane
fraction in rat adipocytes (3). This different localization in the
cell may also contribute to the efficiency of interaction between
the IGF-1 receptor and the various IRS proteins.

Numerous SH2 domain-containing proteins bind to the ty-
rosine-phosphorylated forms of the IRS proteins, including PI
3-kinase, Grb-2, and SHP-2 (14, 30, 39-41). PI 3-kinase is a
critical link to the signaling of insulin and IGF-1 and can bind
to all four IRS proteins. This kinase is a heterodimeric enzyme
composed of a catalytic subunit (p110) associated with one of
several SH2 domain-containing regulatory subunits (pS0a,
AS53/p55a, pS5F™, p85a, and p85PB) that can bind to tyrosine-
phosphorylated YXXM motifs on signaling proteins such as
the IRS proteins. Immunoprecipitation analysis of our cell
lines confirms that p85 can bind to all four IRS proteins. In this
study, we also find that p85 binding to IRS-1 or IRS-2 is
impaired by IRS-3 or IRS-4 overexpression. The decrease of
IRS-1 and IRS-2 tyrosine phosphorylation, especially of the
tyrosine residues in YXXM motifs, probably contributes to the
impaired p85 binding. It has also been shown that during
insulin stimulation, p85 associated with IRS-3 more rapidly
than with IRS-1 and IRS-2 in rat adipocytes (37) and with
IRS-3 more strongly than with IRS-2 in adipocytes from IRS-
1-deficient mice (20, 37). Thus, in cells that express IRS-3,
IRS-3 may be the dominant protein in binding with p85, by
competing with IRS-2 and IRS-1.

Despite these various interactions, reconstitution of IRS-1
KO cells by IRS-1 is more effective than by IRS-2 in recovering
the impaired mitogenic responses caused by IRS-1 disruption.
In previous studies, we found that the reduced DNA synthesis
in IRS-1 KO cells was recovered by IRS-1 reconstitution but
not by overexpression of IRS-2 (9). However, in the present
study, IRS-2-overexpressing KO cells (KO-2 cells) showed an
elevation in IGF-1-induced DNA synthesis to the WT level.
The difference between these studies is likely to be due to the
different levels of expression of IRS-2 (about fivefold above the
endogenous level in the present study and only twofold above
the endogenous level in the previous study). Other reports
have shown that IRS-2 can support insulin-induced mitogenic
responses, although the response mediated by IRS-2 is also
weaker than that by IRS-1 in 32D cells (43). Therefore, it is
likely that larger amounts of IRS-2 can mediate the mitogenic
signal in KO-2 cells. Indeed, in the present study, IRS-1 over-
expression reconstituted the mitogenic signal to a supranormal
level, probably due to supranormal expression of IRS-1 pro-
tein.

IRS-3 seems to be able to mediate the mitogenic signal.
Thus, both of the IRS-3-expressing cell lines exhibit normal or
increased IGF-1-induced DNA synthesis despite the drastic
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impairment of IRS-1- and IRS-2-mediated signaling. In con-
trast, IRS-4 expression in WT cells causes a significant reduc-
tion in IGF-1-induced DNA synthesis. IRS-4 is a mediator of
the mitogenic signal in 32D cells (14, 43). However, there is
some controversy whether IRS-4 can mediate mitogenic sig-
nals as well as IRS-1 can (14, 43). In this study, IRS-4 overex-
pression in WT cells caused a significant decrease in IGF-1-
induced mitogenesis. This decrease is probably due to the
inhibition of the IGF-1 signal through IRS-1, which is thought
to be a most effective mediator for the mitogenic signal. IRS-4
expression in KO cells showed a similar mitogenic response to
that of IRS-1 in KO cells (Fig. 10). The IGF-1 signal mediated
by IRS-2 was dramatically inhibited in KO-4 cells (Fig. 6),
suggesting that the IGF-1-induced mitogenic response in KO-4
cells might be mediated by IRS-4 protein, at least in part. The
inability to reconstitute the mitogenic signal in KO-4 cells may
be because the expression level of IRS-4 in KO cells was lower
than that of other IRS proteins during reconstitution.

Induction of expression of immediate-early genes, such as
egr-1, constitutes one of the first steps in the expression of
growth-regulatory proteins (8). Although our previous report
shows that egr-1 gene expression is impaired by IRS-1 defi-
ciency (9), the KO cells we used in the present study (which
differ from those used in the previous study) exhibit somewhat
elevated basal and IGF-1-stimulated egr-1 expression com-
pared to WT cells. The reason for this difference is unknown;
however, it has been shown that the egr-1 gene induction can
be mediated by signals from the MAP kinase cascades, includ-
ing ERK1/2, JNK, and p38 MAP kinase (7, 17, 29). Although
egr-1 gene expression is usually rapid and transient (7, 29), one
recent study has shown a sustained level of expression of egr-1
gene in atherosclerotic vascular lesions (26), suggesting that
the basal expression of this gene can be continuously elevated
under some conditions. In KO cells, the elevation in egr-1 gene
expression tends to correlate with elevated basal p44/42 MAP
kinase phosphorylation. It is also possible that the elevated
basal expression in KO cells is due to the lack of IRS-1 protein.
Indeed, reconstitution of IRS-1 in KO cells may have caused
the decrease in basal egr-1 gene expression, as well as p44/42
MAP kinase phosphorylation, to the levels in WT cells, while
overexpression of IRS-4 in WT cells caused an elevation in
both basal egr-1 gene and basal p44/42 MAP kinase phosphor-
ylation. Whatever the cause, the effects of IRS-4 expression on
egr-1 gene expression are mainly on its basal level.

More importantly, IRS-3 expression causes an increase in
IGF-1-stimulated MAP kinase phosphorylation and egr-1 gene
induction in WT cells but not in IRS-1-deficient cells. Activa-
tion of MAP kinase may depend on the interaction of Grb-2
with the guanine nucleotide exchange factor SOS, thus activat-
ing the small GTP binding protein Ras (11) and the MAP
kinase cascade (32). Rat IRS-3, which was used in this study,
has been shown to bind with Grb-2 in rat adipose tissue (30);
however, the association of IRS-3 with Grb-2 does not explain
why only WT-3 cells show an elevation in MAP kinase phos-
phorylation, since KO-3 cells have threefold more IRS-3 pro-
teins than do WT-3 cells. IRS-3 has been shown to bind the PY
phosphatase SHP-2 with a greater affinity than the other IRS
proteins do (25, 30). Since this phosphatase is necessary for full
activation of the MAP kinase cascade in response to insulin
and IGF-1 (27, 35, 47), it is possible that the association of
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IRS-3 with SHP-2 contributes to the activation of MAP kinase
observed in these experiments.

In conclusion, IRS-3 and IRS-4 are phosphorylated in re-
sponse to IGF-1 and can bind to p85 and activate PI 3-kinase
in embryonic cell lines. IRS-3 expression causes a significant
elevation of IGF-1-stimulated MAP kinase phosphorylation
and immediate-early gene induction in the presence of IRS-1,
suggesting that IRS-3 can act in cooperation with IRS-1 in
mediating gene expression in this cell line. Moreover, IRS-3 or
IRS-4 expression causes an impairment of IRS-1- and IRS-2-
mediated signaling in at least three steps in the signaling path-
way: (i) decreasing the IRS-2 mRNA and protein amount, (ii)
decreasing the IGF-1-stimulated tyrosine phosphorylation of
IRS-1 and IRS-2, and (iii) decreasing the p85 binding to IRS-1
and IRS-2. These results indicate that IRS-3 and IRS-4 may act
as negative regulators of some aspects of the signaling pathway
by suppressing the function of other IRS proteins and that the
biological responses to IGF-1 in individual cells or tissues may
be regulated by the combination of all four IRS proteins.
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