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Tyrosine phosphorylation of insulin receptor substrate 1 (IRS-1) by the activated receptors for insulin,
IGF-1, and various cytokines creates binding sites for signaling proteins with Src homology 2 domains (SH2
proteins). Determining the role of specific SH2 proteins during insulin signaling has been difficult because
IRS-1 possesses as many as 18 potential tyrosine phosphorylation sites, several of which contain redundant
motifs. Using 32D cells, which contain no endogenous IRS proteins, we compared the signaling ability of an
IRS-1 molecule in which 18 potential tyrosine phosphorylation sites were replaced by phenylalanine (IRS-1F18)
with two derivative molecules which retained three YMXM motifs (IRS-13YMXM) or the two COOH-terminal
SHP2-Fyn binding sites (IRS-1YCT). During insulin stimulation, IRS-1F18 failed to undergo tyrosine phos-
phorylation or mediate activation of the phosphotidylinositol (PI) 3*-kinase or p70s6k; IRS-1YCT was tyrosine
phosphorylated but also failed to mediate these signaling events. Neither IRS-13YMXM nor IRS-1YCT mediated
activation of mitogen-activated protein kinases. IRS-1F18 and IRS-1YCT partially mediated similar levels of
insulin-stimulated mitogenesis at high insulin concentrations, however, suggesting that IRS-1 contains phos-
photyrosine-independent elements which effect mitogenic signals, and that the sites in IRS-1YCT do not
augment this signal. IRS-13YMXM mediated the maximal mitogenic response to insulin, although the response
to insulin was more sensitive with wild-type IRS-1. By contrast, the association of IRS-13YMXM with PI
3*-kinase was more sensitive to insulin than the association with IRS-1. Thus, the binding of SH2 proteins
(such as PI 3*-kinase) by YMXM motifs in IRS-1 is an important element in the mitogenic response, but other
elements are essential for full mitogenic sensitivity.

The IRS proteins (IRS-1 and IRS-2) are endogenous cellu-
lar substrates of the insulin and insulin-like growth factor 1
(IGF-1) receptor tyrosine kinases, as well as substrates for
various cytokine receptors which activate various members of
the Janus kinase family (22, 41, 42, 47, 48). Tyrosine phosphor-
ylation plays a central role in the mechanism of IRS protein
signaling by providing docking sites for proteins containing
isoforms of the Src homology 2 (SH2) domain (25, 38, 39).
Since the phosphorylation sites in IRS-1 are situated in various
amino acid sequence motifs, IRS-1 engages numerous SH2
proteins, including p85, Grb-2, Fyn, Nck, and SHP2 (SHPTP2,
Syp, and PTP1D) (10, 15, 36). IRS proteins contain several
phosphorylation sites in YXXM motifs, which are selective
binding sites for the SH2 domains in the regulatory subunits
(p85 and p55PIK) of phosphatidylinositol (PI) 39-kinase (22, 28,
41). During insulin stimulation, IRS proteins mediate the di-
rect activation of PI 39-kinase, which appears to play essential
roles in the activation of the p70s6k and the akt kinase (21, 22)
and the serine phosphorylation of eIF4e and PHAS-I as well as
in mediating various biological responses including vesicle
movement (including glucose transporter translocation), mito-
genesis, general protein synthesis, receptor endocytosis, and
chemotaxis, among other things (22, 25, 48).
While the plethora of signaling events apparently mediated

by PI 39-kinase raises questions about whether PI 39-kinase is

a regulator of specific cellular events or whether it is a global
potentiator of cellular signaling, it is obviously an important
molecule in the transmission of downstream signals by tyrosine
kinases. The 110-kDa PI 39-kinases are coupled to tyrosine
kinases by regulatory adapter molecules (p85 and p55PIK)
which use their SH2 domains to bind tyrosyl-phosphorylated
YMXM motifs (14, 28). The 110-kDa catalytic domain (p110)
is activated by the binding of these tyrosyl-phosphorylated
YMXM motifs (2). In addition to its ability to phosphorylate
PI, p110 also phosphorylates certain proteins on serine resi-
dues (3, 8, 14, 17). The SH2 domains in p85 may bind PI as well
as phosphotyrosine, providing a dual-specificity docking mol-
ecule during signal generation (30).
SHP2 is an SH2 domain-containing tyrosine phosphatase

which associates with IRS-1 via the COOH-terminal autophos-
phorylation sites, Tyr-1172 and Tyr-1222 (34b, 38). SHP2 has
been implicated in the control of mitogenesis and mitogen-
activated protein kinase activation by insulin in a variety of
studies employing microinjection and overexpression of inac-
tive forms, SH2 domains, and antibodies (27, 37). Fyn is a
member of the Src family of tyrosine kinases which contain an
SH2 and an SH3 domain. We have recently shown that Fyn
associates with IRS-1 via the COOH-terminal tyrosine phos-
phorylation sites, Tyr-1172 and Tyr-1222, although the physi-
ological function of this association is unknown (40).
Because of the number and redundancy of tyrosine phos-

phorylation sites in IRS proteins, determining which sites me-
diate relevant biological responses has been difficult. Mutation
at single tyrosine phosphorylation sites or deletion of portions
of IRS-1 (20, 23) have not clarified the downstream pathways
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of IRS signaling. To resolve the mechanism of IRS signaling,
we removed 18 potential tyrosine phosphorylation sites from
IRS-1 by site-directed mutagenesis and compared its signaling
potential with wild-type IRS-1, IRS-13YMXM (which retains
three phosphorylation sites: Tyr-608, Tyr-628, and Tyr-658)
and IRS-1YCT (which retains Tyr-1172 and Tyr-1222). The
three sites in IRS-13YMXM are clustered together in the middle
of the IRS-1 molecule and have the same surrounding se-
quence (YMXMSP). Tyr-608 and Tyr-628 are known tyrosine
phosphorylation sites which bind p85, and Tyr-658 is a likely
site of tyrosine phosphorylation and p85 binding (38, 41). Tyr-
1172 and Tyr-1222 are also known tyrosine phosphorylation
sites on IRS-1 (38); these sites bind and activate SHP2 (27, 37),
as well as binding Fyn in vitro and in vivo with unknown
consequences (40).
As expected, IRS-1F18 was not tyrosine phosphorylated dur-

ing insulin stimulation of 32D cell lines; surprisingly, it medi-
ated, albeit weakly, insulin-stimulated mitogenesis. IRS-1YCT

underwent tyrosine phosphorylation but failed to signal differ-
ently than IRS-1F18 in our assays. By contrast, IRS-13YMXM

retained much of the signaling potential of wild-type IRS-1 in
32D cells. Thus, IRS-1 mediates phosphotyrosine-independent
signals during insulin stimulation of 32D cells, and the pres-
ence of phosphotyrosine specifically in YMXM motifs strongly
enhances this response.

MATERIALS AND METHODS

Cell lines. 32D cell lines were maintained in RPMI 1640 (Gibco) containing
10% fetal bovine serum (FBS) and 5% conditioned medium from WEHI-3 cells
(a source of interleukin-3 [IL-3]) (48). Cell lines expressing the insulin receptor
(IR), IRS-1, and both IR and IRS-1 have been described (23, 48). Cell lines
expressing IRS-1 (or IRS-1 mutants) were maintained in medium containing 5 to
10 mM histidinol (Sigma). 32D cell lines were made quiescent for experiments by
incubation in unsupplemented Dulbecco’s minimal essential medium for 2 to 4 h.
Construction and expression of IRS-1F18, IRS-13YMXM, and IRS-1YCT. The

cDNA for IRS-1F18 was produced by a modification of PCR-mediated site-
directed mutagenesis by using the rat IRS-1 cDNA in pBluescript as the template
(23). After creating a DNA fragment containing a single-point mutation, as
described (23), the fragment was used as a template for a second round of
PCR-mediated mutagenesis, and so on until the fragment contained mutations
which replaced all tyrosines of interest with phenylalanine, including Tyr-147,
-426, -460, -526, -578, -608, -628, -658, -727, -745, -746, -895, -939, -987, -999,
-1010, -1172, and -1222. Mutant-containing PCR fragments were then subcloned
into rat IRS-1 in pBluescript. The presence of desired mutations and the absence
of adventitious mutations was confirmed by DNA sequencing following subclon-
ing of PCR fragments, and again following reconstruction of the entire IRS-1F18

cDNA. The IRS-13YMXM cDNA was derived by subcloning the NcoI fragment
containing wild-type sequences for tyrosines 608, 628, and 658 into the IRS-1F18

cDNA. IRS-1YCT was derived from IRS-1F18 by joining the region containing the
mutant sites 939 to 1010 with the region containing the wild-type sites 1172 and
1222 by PCR and subcloning the resultant hybrid fragment into the IRS-1F18

cDNA by using EcoRI and AatII. The presence of the desired sequences was
determined by nucleotide sequencing, and the cDNAs were subcloned into
pCMVhis for expression by using SacI and SalI (41).
Antibodies and growth factors. Affinity-purified rabbit polyclonal antiphos-

photyrosine antibodies (aPY) and polyclonal rabbit antibodies raised against
baculovirus-produced IRS-1 protein were previously described (18, 49). In some
cases, antibodies raised against the pleckstrin homology (PH) domain of IRS-1
expressed as a glutathione S-transferase fusion protein (25a) were used to im-
munoprecipitate IRS-1 isoforms. Rabbit antisera against p70s6k have been pre-
viously described (7), as have ap85a antibodies (21). Insulin was from Calbio-
chem (La Jolla, Calif.).
PI 3*-kinase activity. In vitro phosphorylation of PI was carried out in immune

complexes as described previously (33). Quiescent cells were incubated with
various concentrations of insulin for 10 min, washed once with ice-cold phos-
phate-buffered saline (PBS), and lysed. The cells were solubilized as described
(33) and incubated with antibody for 1 to 2 h at 48C. Immune complexes were
precipitated from the supernatant with Protein A Sepharose (Pharmacia) and
washed as described (33). Immune complexes were incubated with PI (Avanti)
and [g-32P]ATP for 10 min at 228C. The reactions were stopped with 20 ml of 8
N HCl and 160 ml of CHCl3:methanol (1:1) and centrifuged, and the lower
organic phase was removed and applied to a silica gel thin-layer chromatography
plate (Merck) which had been coated with 1% potassium oxalate (33). Thin-layer
chromatography plates were developed in CHCl3:CH3OH:H2O:NH4OH (60:47:

11.3:2), dried, and then visualized and quantitated on a Molecular Dynamics
Phosphorimager.
Immunoblotting. Proteins in cell lysates prepared as for PI 39-kinase assays or

from immunoprecipitates similarly prepared were denatured by boiling in Lae-
mmli sample buffer containing 100 mM dithiothreitol and resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels were
transferred to nitrocellulose membranes (Schleicher & Schuell) in Towbin buffer
containing 0.02% SDS and 20% methanol (45). Membranes were blocked,
probed, and developed as previously described (7, 23). Blots were exposed to
Kodak XAR film or imaged on a Molecular Dynamics Phosphorimager.
In vitro assays for p70s6k kinase activity. Quiescent cells were stimulated for

30 min and collected by centrifugation. Cells were lysed in ice-cold 10 mM
potassium phosphate–1 mM EDTA (pH 7.05) containing 0.5% Nonidet P-40, 5
mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N9,N9-tetraacetic acid
(EGTA), 10 mM MgCl2, 50 mM b-glycerophosphate, 1 mM Na3VO4, 2 mM
dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, and 10 mg each of aproti-
nin and leupeptin per ml. Insoluble material was removed by centrifugation at
10,000 3 g for 10 min. Antibodies against p70s6k (ap70) were added for 2 h and
collected on Protein A Sepharose beads for 1 h at 48C. Immunoprecipitates were
washed (7, 11) and incubated with [g-32P]ATP (50 mM final concentration; 20
mCi per reaction) containing 20 mg of 40S ribosomes per reaction (7, 11); the
ribosomes were purified as previously described (7). Assays were incubated for
15 min at room temperature and were stopped by the addition of 23 Laemmli
sample buffer. Samples were denatured by boiling and phosphorylated substrates
were analyzed by SDS-PAGE.
Incorporation of [3H]thymidine into DNA of 32D cells. Insulin-stimulated

thymidine incorporation was assayed as previously described (23, 48). Briefly,
cells in log phase growth were washed and seeded into RPMI 1640 with 10% FBS
alone, 5% IL-3-containing WEHI-3 conditioned medium, or with various con-
centrations of insulin. Cells were grown for 48 h at 378C. [3H]thymidine (ICN)
was added to a final concentration of 0.5 mCi/ml and incubation was continued
for 3 h. Cells were collected onto glass microfiber filters and lysed, and unincor-
porated nucleotides were removed by repeated washing with water. Filters were
dried and counted in scintillation fluid for 1 min.
Assay for long-term growth of 32D cell lines. 32D cell lines growing logarith-

mically in RPMI 1640 supplemented with 10% FBS and 5% WEHI-3 condi-
tioned medium were washed and split 1:100 into RPMI 1640 containing 10%
FBS and 100 nM insulin. When cells became confluent (.106 cells per ml), they
were split 1:100 into the same medium. Ability to grow long term in insulin was
scored by the ability to become confluent in insulin-containing medium following
three successive 1:100 splits.

RESULTS

Expression of IRS-1F18, IRS-13YMXM, and IRS-1YCT. IRS-
1F18 was prepared by sequential site-directed mutagenesis sub-
stituting phenylalanine for 18 potential tyrosine phosphoryla-
tion sites lying outside of the PH domain of IRS-1 (Fig. 1A).
To examine the role of specific tyrosine-phosphorylated motifs
in IRS-1 signaling, we also constructed IRS-13YMXM (which
retained three YMXM motifs at Tyr-608, Tyr-628, and Tyr-
658) and IRS-1YCT (which retained two other sites, Tyr-1172
and Tyr-1222) (Fig. 1A). These residues are known phosphor-
ylation sites in IRS-1 which bind to the SH2 domains in p85
(IRS-13YMXM) and SHP2 and Fyn (IRS-1YCT) (38). We ex-
pressed IRS-1F18, IRS-13YMXM, and IRS-1YCT in 32D cells
(Fig. 1B) or 32D cells overexpressing human IR (32DIR) (Fig.
1C). 32D cells constitute a powerful system for the analysis of
IRS-1 function since they contain no endogenous IRS proteins
and require exogenous expression of these proteins for many
insulin-stimulated signaling events (21, 25). 32D and 32DIR

cell lines expressing similar levels of IRS-1, IRS-1F18, IRS-
13YMXM, and IRS-1YCT were identified by immunoblotting
(Fig. 1B and C). All three mutants migrated at the appropriate
molecular weight on SDS-PAGE, suggesting that they were
stably expressed and serine phosphorylated under basal con-
ditions. These results suggest that the multiple Y3F mutations
do not grossly alter the behavior of IRS-1.
Phosphorylation of IRS-1F18, IRS-13YMXM, and IRS-1YCT

during insulin stimulation. We analyzed phosphorylation of
IRS-1F18, IRS-13YMXM, and IRS-1YCT by immunoblotting ly-
sates of insulin-stimulated 32D cells lines with aPY (Fig. 2A
and C). Consistent with the absence of IRS-1 from 32D cells,
no tyrosine phosphorylation of IRS-1 was detected in parental
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32D or 32DIR cells (Fig. 2A and C); insulin-stimulated Shc
tyrosine phosphorylation was detectable in all 32DIR cell lines
(Fig. 2C). Insulin stimulated IRS-1 tyrosine phosphorylation in
32D/IRS-1 cells, and this insulin effect was even more apparent
in 32DIR/IRS-1 cells. However, IRS-1F18 was not tyrosine
phosphorylated during insulin stimulation of 32D/F18 or
32DIR/F18 cells (Fig. 2A and C). Thus, IRS-1F18 no longer
contains tyrosine phosphorylation sites recognized by the IR.
IRS-13YMXM was tyrosine phosphorylated in both 32D/

3YMXM and 32DIR/3YMXM cells, and IRS-1YCT was ty-
rosine phosphorylated in 32D/YCT and 32DIR/YCT cells (Fig.
2A and C). The tyrosyl phosphorylation of IRS-13YMXM and
IRS-1YCT was detectably lower than that of wild-type IRS-1,
consistent with the removal of 15 and 16 potential tyrosine
phosphorylation sites, respectively, from these molecules (Fig.
2A and C). Since insulin-stimulated phosphorylation was de-
tected in IRS-13YMXM and IRS-1YCT but not in IRS-1F18, it is
likely that no tyrosine phosphorylation sites remain in IRS-
1F18.
IRS-1F18, IRS-13YMXM, and IRS-1YCT signaling to PI 3*-

kinase and p70s6k. Tyrosine phosphorylation of specific motifs
on IRS-1 recruits various SH2 proteins to IRS-1 (36, 38). Since
phosphorylated YMXMmotifs bind PI 39-kinase, we tested the
association of PI 39-kinase with IRS-1F18, IRS-13YMXM, and

IRS-1YCT during insulin stimulation (Fig. 2B and D). As pre-
viously shown, no PI 39-kinase activity was detected in aIRS-1
immunoprecipitates from 32D or 32DIR cells, consistent with
the inability of human IR to bind p85 (21). In cells expressing
IRS-1, however, large amounts of IRS-1-associated PI 39-ki-
nase activity was detected and the amount of PI 39-kinase
bound was increased in 32DIR/IRS-1 cells, consistent with the
increased tyrosine phosphorylation of IRS-1 in these cells. No
PI 39-kinase activity was associated with IRS-1F18 or IRS-1YCT

during insulin stimulation of 32D or 32DIR cells expressing
these mutants, consistent with their lack of phosphorylated
YMXM motifs (Fig. 2B and D). In contrast, IRS-13YMXM

bound PI 39-kinase, confirming that tyrosine-phosphorylated
YMXM motifs in an IRS-1 context bind PI 39-kinase during
insulin stimulation (19, 39, 41).
PI 39-kinase is activated by association with IRS-1 during

insulin stimulation (2, 21). In vitro, this activation is mediated
by the association of peptides containing phosphorylated
YMXM motifs with the SH2 domains of p85 (2, 19); maximal
activation occurs when both SH2 domains are occupied (31).
In order to determine whether IRS-1F18 and IRS-13YMXM

similarly mediate activation of PI 39-kinase during insulin stim-
ulation, we assayed the PI 39-kinase activity recovered in ap85
immunoprecipitates from 32DIR cell lines (Fig. 3A). There was

FIG. 1. (A) Generation of IRS-1F18 and IRS-13YMXM. Shown is a model of IRS-1 including tyrosine phosphorylation sites and the SH2 domain-containing proteins
which bind them. We replaced the tyrosines in the 18 potential tyrosine phosphorylation sites outside of the PH domain in IRS-1 with phenylalanine (IRS-1F18) by
PCR-mediated, site-directed mutagenesis. IRS-13YMXM is a derivative of IRS-1F18 in which Tyr-608, Tyr-628, and Tyr-658 (all of which lie close together in YMXMSP
motifs and which are predicted to bind PI 39-kinase) were restored. IRS-1YCT is an IRS-1F18 derivative with Tyr-1172 and Tyr-1222 restored. The tyrosines replaced
are shown along with the PH domain (IH-1PH), the phosphotyrosine-binding domain (IH-2PTB), and the so-called SAIN region. Also shown are several SH2
domain-containing proteins and their binding sites on IRS-1. (B and C) Expression and tyrosine phosphorylation of IRS-1, IRS-1F18 and IRS-13YMXM in 32D cell lines.
32D cells (B) and 32D cells overexpressing the human IR (C) (lanes a) were transfected with the cDNAs for IRS-1 (lanes b), IRS-1F18 (lanes c), IRS-13YMXM (lanes
d), IRS-1YCT (lanes e), and selected expressing clones by immunoblotting with aIRS-1 antibodies. The migration of IRS-1 isoforms and the 200-kDa molecular mass
marker are shown.
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no activation of PI 39-kinase by insulin in 32DIR cells, com-
mensurate with the lack of IRS proteins in these cells and the
inability of the IR to bind directly to p85 in this cell back-
ground (21). Insulin did not activate PI 39-kinase in 32DIR/F18

cells, in which the mutant IRS-1F18 molecule lacked sites for
interaction with PI 39-kinase. However, insulin activated a
three- to fourfold increase in PI 39-kinase in 32DIR/IRS-1 and
32DIR/3YMXM cells, demonstrating that IRS-13YMXM fully

FIG. 2. Tyrosine phosphorylation of IRS-1, IRS-1F18, IRS-13YMXM, and IRS-1YCT in 32D (A) and 32DIR (C) cell lines. Parental 32D or 32DIR cells (lanes a and
b) or cell lines expressing IRS-1 (lanes c and d), IRS-1F18 (lanes e and f), IRS-13YMXM (lanes g and h), and IRS-1YCT (lanes i and j) were incubated in the absence
(2) or presence (1) of 100 nM insulin for 2 min and lysed. Lysates were resolved by SDS-PAGE and transferred to nitrocellulose for immunoblotting with aPY
antibodies. The migration of IRS-1, IR, and Shc are noted. Association of PI 39-kinase with IRS-1 isoforms in 32D (B) and 32DIR (D) cell lines. The indicated 32D
cell lines were incubated in the absence (open bar) or presence (solid bar) of 100 nM insulin for 2 min and lysed. Lysates were immunoprecipitated with aIRS-1
antibodies. Immune complexes were collected on Protein A Sepharose, washed, and assayed for associated PI 39-kinase activity. Activity was quantified on a
Phosphorimager and is expressed in arbitrary units.

FIG. 3. (A) Activation of PI 39-kinase by IRS-1 isoforms. Control 32DIR cell lines or 32DIR cell lines expressing IRS-1, IRS-1F18, or IRS-13YMXM were starved and
stimulated for 10 min with 100 nM insulin. Lysates were prepared and PI 39-kinase was immunoprecipitated with ap85. Immunoprecipitates were washed and assayed
for PI 39-kinase and activity was quantified on a Phosphorimager. Experimental results were performed in triplicate and are expressed as mean 6 standard errors of
the mean. These results are representative of two similar experiments. (B) Stimulation of p70s6k activation by insulin in 32D cell lines. The indicated 32D cell lines were
incubated in the absence or presence of 100 nM insulin for 30 min and lysed. Lysates were immunoprecipitated with ap70s6k antibodies, washed, and assayed for kinase
activity by using 40S ribosomes as a substrate. Activity was quantified on a Phosphorimager and is expressed in arbitrary units. This assay is representative of two
independent assays with multiple clones of each cell line.
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activates PI 39-kinase in these cells at high levels of insulin
stimulation (Fig. 3A).
Since IRS-1 is required for activation of p70s6k during insu-

lin signaling (21), and PI 39-kinase is implicated in the activa-
tion of this enzyme (5, 6), we investigated the ability of IRS-
1F18, IRS-13YMXM, and IRS-1YCT to mediate activation of
p70s6k (Fig. 3B). Insulin had no effect on p70s6k activity in 32D
or 32DIR cells, which do not express IRS-1, as previously re-
ported (21); as expected, the p70s6k was not activated by insulin
in 32D/F18 or 32D/YCT cells. Insulin stimulated p70s6k in
32D/IRS-1 and 32D/3YMXM cells, however. Furthermore,
p70s6k activity was increased over the control level even in the
unstimulated state in cell lines expressing IRS-1 or IRS-
13YMXM in this experiment, suggesting that even very low lev-
els of appropriate tyrosine phosphorylation is required for the
activation of p70s6k. Thus, tyrosine phosphorylation of YMXM
motifs in IRS-1 is sufficient for insulin-stimulated activation of
p70s6k, but phosphorylation of tyrosine not in YMXMmotifs is
not, consistent with the suggested role for PI 39-kinase in
p70s6k activation (5, 6).
Insulin-stimulated DNA synthesis and cell growth. Coex-

pression of the IR and IRS-1 is required for the long-term
growth and survival of 32D cells in insulin (defined by recovery
from three successive 1:100 splits from confluence). We as-
sayed the ability of our mutant IRS-1 molecules to mediate
long-term insulin-supported proliferation (Table 1). Insulin
failed to support the long-term growth of 32D, 32DIR, and
32D/IRS-1 cell lines, as previously reported (48); however,
32DIR/IRS-1 and 32DIR/3YMXM cells survived and grew un-
der these conditions. Insulin failed to support the long-term
survival of 32DIR/F18 and 32DIR/YCT cells (Table 1). Thus,
the nontyrosine-phosphorylated IRS-1F18 and tyrosine phos-
phorylation of Tyr-1172 and Tyr-1222 did not mediate long-
term growth in insulin, but the presence of YMXM motifs on
the IRS-1 backbone rescued this response.
As well as being necessary for long-term growth in insulin,

IRS-1 expression with the IR is also required for shorter term

insulin-stimulated mitogenesis in 32D cells (48). In order to
compare the mitogenic signaling potential of IRS-1F18, IRS-
13YMXM, and IRS-1YCT, we assayed 48-h insulin-stimulated
[3H]thymidine incorporation in 32D cell lines (Fig. 4A). There
was no stimulation of thymidine incorporation by insulin in
32DIR cells, as previously reported (23, 48). In cells expressing
both IR and IRS-1, insulin stimulated a full mitogenic effect
with a half-maximal stimulation occurring with 0.3 nM insulin.
While insulin did not stimulate maximal mitogenesis in 32DIR/
F18 or 32DIR/YCT cells, these cell lines performed similarly in
this assay, attaining 30 to 50% of the full mitogenic response at
100 nM insulin. The 32DIR/F18 cell line with greater mitogenic
signaling expresses higher levels of IRS-1F18 (data not shown).
IRS-13YMXM mediated a full mitogenic response in 32DIR/
3YMXM cells, although the concentration of insulin required
for half-maximal thymidine incorporation was increased by
10-fold (3 nM) compared with cells expressing wild-type IRS-1.
Thus, IRS-1F18 retained mitogenic potential, although the
presence of three YMXM motifs restored the maximal mito-
genic signaling potential of IRS-1, albeit with slightly less sen-
sitivity to insulin than wild-type IRS-1. The addition of the
COOH-terminal Tyr-1172 and Tyr-1222 to IRS-1F18 did not
apparently affect signaling, suggesting that these sites and the
SH2 domain-containing proteins that they bind are not impor-
tant mediators of insulin-stimulated mitogenic signaling.
The diminished sensitivity of IRS-13YMXM mitogenic signal-

ing compared with wild-type IRS-1 at low insulin concentra-
tions could arise from diminished binding of PI 39-kinase to
IRS-13YMXM (due to the reduced total number of YXXM and
YMXM motifs on IRS-13YMXM compared with wild-type
IRS-1) or its inability to bind other SH2 proteins. We therefore
assayed the association of PI 39-kinase with IRS-1 and IRS-
13YMXM during stimulation with various concentrations of in-
sulin (Fig. 4B). This analysis demonstrated that the binding of
PI 39-kinase by IRS-13YMXM was indistinguishable from that of
IRS-1 at most insulin concentrations, but at very low concen-
trations of insulin (10210 M), IRS-13YMXM bound more PI
39-kinase than wild-type IRS-1. Thus, while PI 39-kinase clearly
plays a major role in the mitogenic signal mediated by IRS-1,
additional elements are required for the fully sensitive insulin
response.

DISCUSSION

During insulin stimulation, the tyrosine kinase in the b sub-
unit of the IR is activated by autophosphorylation and medi-
ates the phosphorylation of the IRS proteins (IRS-1 and IRS-
2), Shc (29, 32, 35, 41, 50), and vav (46). Tyrosine-
phosphorylated motifs on these substrate proteins create tight
binding sites for the SH2 domains of downstream signaling
proteins. Thus, IRS proteins, which contain 15 to 20 potential
phosphorylation sites, nucleate the formation of multisubunit
signaling complexes (22), and are crucial mediators of a variety
of insulin-stimulated events, including mitogenesis, anti-apo-
ptosis (52), and glucose transport (1, 39, 43, 48).
In order to determine which element(s) of IRS-1 is required

for various aspects of insulin signaling, we have previously
examined the role of individual tyrosine residues in IRS-1 by
replacing them with phenylalanine. In this manner we have
individually examined tyrosine residues Tyr-608, Tyr-628, and
Tyr-658 (which reside in YMXM motifs responsible for the
engagement of PI 39-kinase), Tyr-895 (which engages GRB-2),
and Tyr-1172 and Tyr-1222 (which are responsible for the
engagement of the tyrosine phosphatase, SHP2, and the Src
family tyrosine kinase, Fyn) (23, 34a, 38, 40). Although muta-
tion of Tyr-895 reduced signaling to mitogen-activated protein

TABLE 1. Proliferative signaling by IRS-1 isoforms in 32D
cell lines

Cell linea Thymidine
incorporationb

Long-term
growth

b, c

32D 2 2
32DIR 2 2
32D/IRS-1 2 2
32DIR/IRS-1 111 111
32DIR/F18 1 2
32DIR/3YMXM 11 111
32DIR/YCT 1 2
32DIR/F147 111 111
32DIR/F608 111 111
32DIR/F628 111 111
32DIR/F658 111 111
32DIR/F895 111 111
32DIR/F1172 111 111
32DIR/F1172, 1222 111 111

a 32D cell lines were analyzed for their ability to undergo mitogenesis (see Fig.
4) and grow long-term in 100 nM insulin. As well as comparing cells expressing
IRS-1, IRS-1F18, IRS-13YMXM, and IRS-1YCT (boldface), we have included
32DIR cell lines expressing site-directed point mutations of IRS-1 in which
Tyr-147, Tyr-608, Tyr-628, Tyr-658, Tyr-895, Tyr-1172 (individually) or Tyr-1172
and Tyr-1222 (in combination) were replaced by phenylalanine.
b 111, maximal response; 11, less sensitive maximal response; 1, blunted

response; 2, no response.
c Long-term growth was scored by the ability to withstand three 1:100 splits in

insulin-containing media without IL-3.
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kinases (23), none of these individual mutations had a mea-
surable effect upon IRS-1-mediated mitogenic signaling in 32D
cells (Table 1).
In order to trace the signaling pathways controlled by IRS-1,

we constructed IRS-1F18 by replacing 18 potential tyrosine
phosphorylation sites with phenylalanine and generated the
derivative IRS-13YMXM, which retains three YMXMSP motifs
(Tyr-608, Tyr-628, and Tyr-658) in the middle of the IRS-1
molecule. These sites are expected to create tight binding sites
for PI 39-kinase when phosphorylated (2, 19, 36, 41) (indeed,
Tyr-608 and Tyr-628 are known to become tyrosine phosphor-
ylated and bind p85). We also generated IRS-1YCT, which
retains Tyr-1172 and Tyr-1222 (the binding sites for SHP2 and
Fyn) (38, 40). IRS-13YMXM was also stably expressed but, un-
like IRS-1F18, became tyrosine phosphorylated during insulin
stimulation.
We analyzed the phosphoamino acid content of IRS-1 and

the IRS-1 mutants during insulin stimulation. Unfortunately,
even wild-type IRS-1 immunoprecipitated from insulin-stimu-
lated 32DIR cells contains so much more phosphoserine than
phosphotyrosine that the levels of phosphotyrosine are virtu-
ally undetectable by this assay; therefore, phosphoamino acid
analysis becomes meaningless as a method to demonstrate that
IRS-1F18 is not tyrosine phosphorylated.
While we cannot entirely rule out the possibility that IRS-

1F18 attains some level of insulin-stimulated tyrosine phosphor-
ylation undetectable by Western blotting (immunoblotting)
(with several monoclonal and polyclonal aPY antibodies), this
is unlikely for several reasons. First, while the three tyrosine
phosphorylation sites in IRS-13YMXM or the two different sites
in IRS-1YCT are readily detectable, no tyrosine phosphoryla-
tion is detectable in IRS-1F18, and thus any remaining phos-
phorylated site(s) would likely be phosphorylated at a much
lower stoichiometry than the sites in IRS-13YMXM and IRS-

1YCT. Second, although IRS-1F18 mediates a small amount of
mitogenic signaling, it mediates neither activation of PI 39-
kinase nor p70s6k, two sensitive downstream pathways depen-
dent upon tyrosyl phosphorylation of IRS-1. Third, there re-
main no reasonable tyrosine phosphorylation sites in IRS-1F18,
as none have an acidic amino acid within five residues up-
stream or downstream of the target phosphorylation site (41).
Three tyrosine residues in the PH domain with nearby acidic
residues were retained in this construct; however, on the basis
of the structure of the PH domain, these are unlikely to be
available for phosphorylation by the tyrosine kinase.
While IRS-1F18 and IRS-1YCT were unable to engage PI

39-kinase or mediate activation of p70s6k, IRS-13YMXM medi-
ated both of these signaling events. These results are consistent
with the requirement for tyrosine-phosphorylated YMXMmo-
tifs to bind the SH2 domains of PI 39-kinase (2, 24) and with
the putative role of PI 39-kinase in the activation of p70s6k (4,
6). Also, IRS-13YMXM mediates the full mitogenic response to
insulin and potentiates long-term growth, although the sensi-
tivity to insulin is slightly reduced. Impaired association of PI
39-kinase with IRS-13YMXM does not appear to account for the
differences in signaling between IRS-13YMXM and IRS-1, since
IRS-13YMXM binds quantitatively more PI 39-kinase than the
wild-type IRS-1 at low doses of insulin. It is possible that the
increased PI 39-kinase binding by IRS-13YMXM reflects the
absence from this molecule of a tyrosine phosphorylation
site(s) which engages negative signals. The binding of SHP2 to
the COOH-terminal autophosphorylation sites Tyr-1172 and
Tyr-1222 in wild-type IRS-1 represents one such possibility.
It is possible, however, that there is a qualitative difference

in the interaction of these two IRS-1 molecules with PI 39-
kinase that we are unable to detect in our assays; for instance,
the amount of PI 39-kinase bound to IRS-13YMXM could reflect
more IRS-1 molecules, which each bind a single PI 39-kinase

FIG. 4. (A) Mitogenic signaling by IRS-1 isoforms in 32D/IR cell lines. 32DIR cell lines were washed and incubated in the presence of IL-3 or various concentrations
of insulin for 48 h. [3H]thymidine was added and incubation continued for 3 additional h. Cells were harvested on glass microfiber filters, washed, and counted with
scintillation fluid. Results are expressed relative to maximal stimulation obtained with IL-3. Two independent clones of each of the IRS-1 isoform-expressing cell types
were used and are graphed independently (open boxes, 32DIR cells; closed boxes, 32DIR/IRS-1 cells; diamonds, 32DIR/F18 cells; white stars, 32DIR/3YMXM cells; and
asterisks, 32DIR/YCT cells). Each datum point is the average of triplicate determinations, and this assay is representative of multiple independent experiments with
multiple clones of each cell line. (B) PI 39-kinase association with IRS-1 and IRS-13YMXM at various concentrations of insulin. 32DIR cell lines expressing IRS-1 or
IRS-13YMXM were starved and incubated in the presence of various concentrations of insulin for 10 min before being harvested and lysed. Lysates were immunopre-
cipitated with aIRS-1. Immunoprecipitates were washed and assayed for associated PI 39-kinase activity, which was quantified on a Phosphorimager. Determinations
were made in triplicate and data are means 6 standard errors of the mean. These data are representative of two similar experiments.
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molecule, as opposed to fewer molecules of wild type IRS-1,
which each bind multiple PI 39-kinase molecules. The more
likely possibility, however, is that another signaling pathway
which complements or enhances PI 39-kinase signaling is en-
gaged by other sites in IRS-1.
IRS-1F18 and IRS-1YCT do not mediate long-term growth in

insulin in 32DIR cells. Surprisingly, however, IRS-1F18 medi-
ates some mitogenic signaling. At insulin concentrations be-
tween 50 and 100 nM, 32IR-F18 cells exhibited 30 to 50% of
the DNA synthesis of wild-type expressing cells. Thus, IRS-
1F18 mediates a mitogenic signal, which gives rise to a partial
mitogenic phenotype even in the absence of other important
signals, such as those mediated by YMXM motifs. The mito-
genic phenotype of IRS-1YCT is similar to that of IRS-1F18,
suggesting that Tyr-1172 and Tyr-1222 are not able to mediate
positive or negative mitogenic signals in 32D cells. This con-
clusion is consistent with the lack of any observed signaling
phenotype in IRS-1YCT, in which only Tyr-1172 and Tyr-1222
are replaced by phenylalanine (Table 1).
Three conclusions arising from this analysis are illustrated in

Fig. 5: (i) a nontyrosine-phosphorylated IRS-1 molecule can
mediate biological signals, (ii) the C-terminal SHP2 and Fyn
binding sites do not contribute to the mitogenic signal, and (iii)
insulin-stimulated mitogenesis occurs through an IRS-1 mole-
cule which contains only one type of tyrosine phosphorylation
site, i.e., the YMXMmotif. It is unlikely that the three tyrosine
residues which we restored in IRS-13YMXM would mediate
signaling in a manner different from that of any of the other
YMXM motifs in IRS-1, since these sites can be mutagenized
individually or even deleted without destroying the ability of
IRS-1 to signal in 32D cells (25b).
The nature of the phosphotyrosine-independent signals me-

diated by IRSF18 are at present unclear, as is their role in a
normal, fully functional IRS-1 molecule. Our data from dele-
tion mutants of IRS-1 suggest that sequences in the middle
third of IRS-1 mediate signals important for generation of the
full mitogenic response (25c). It is possible that these signals
function independently of IRS-1 tyrosine phosphorylation, al-
though further studies are required to determine whether this
is actually the case.
The rescue of the full mitogenic and long-term growth re-

sponse and p70s6k signaling by YMXM motifs, however, sug-
gests a role for PI 39-kinase in mediating insulin-stimulated
mitogenesis and p70s6k activation. The SH2 domains of the p85
regulatory subunit bind phosphotyrosine residues lying in this
motif (36). It is possible that other SH2 proteins may bind to
these sequences, however. Furthermore, this result gains sup-
port from the analysis of mitogenic and p70s6k signaling in
other systems, such as the platelet-derived growth factor re-
ceptor and polyoma middle T antigen (6, 9, 10, 14). In these
systems, YMXM motifs are also important for the stimulation
of mitogenesis. Furthermore, inhibitors of PI 39-kinase enzy-
matic function interfere with insulin- and platelet-derived
growth factor-stimulated mitogenesis and p70s6k in multiple
cell types (4, 6, 14). The weight of these multiple lines of
evidence suggests that PI 39-kinase is, indeed, a key functionary
in these signaling pathways. However, the IRS-1-independent
activation of PI 39-kinase and p70s6k by the YMXM-motif-
containing tail of the Drosophila IR is not sufficient to mediate
insulin-stimulated mitogenesis in 32D cells (51). Since mito-
genic signaling by the Drosophila IR can be rescued by coex-
pression of IRS-1, IRS-1 must contribute essential non-PI 39-
kinase elements to the mitogenic signal (51). Moreover, the
finding that insulin-stimulated PI 39-kinase activity is more

FIG. 5. Model of IRS-1-mediated signaling events. During insulin stimulation, IRS-1 is phosphorylated by the insulin receptor. This phosphorylated IRS-1 binds
SH2 domain-containing signaling proteins and mediates downstream signals, such as mitogenesis. The binding of molecules such as the p85-p110 or p55-p110 PI
39-kinase complex to tyrosine-phosphorylated YMXM motifs activates p70s6k and enables the full mitogenic signal at high doses of insulin. The COOH-terminal
SHP2-Fyn binding tyrosine phosphorylation sites do not appear to play a role in mitogenic signal transmission. The binding of other SH2 proteins to distinct sites may
modulate the PI 39-kinase signal. Furthermore, IRS-1 mediates some mitogenic signals in the absence of tyrosine phosphorylation and PI 39-kinase binding, suggesting
that this molecule contains signaling potential beyond docking SH2 domains.
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sensitive in cells expressing IRS-13YMXM is consistent with the
notion that additional signals are engaged through non-
YMXM motifs of IRS-1.
As well as being a requisite player in mitogenic signaling and

regulation of p70s6k, PI 39-kinase is thought to control move-
ment of vesicles (including movement of GLUT4 to mem-
branes for insulin-stimulated glucose transport), chemotaxis,
and transporter endocytosis (4, 13, 14, 16, 22). How PI 39-
kinase performs these functions remains for the most part a
mystery. While the lipid products are thought to mediate the
downstream effects of PI 39-kinase, the only demonstrated
function for them is the activation of certain protein kinase C
isoforms in vitro (44). The p110 catalytic subunit has multiple
homologs, including the mammalian TORs (whose function is
also poorly understood) and the Saccharomyces cerevisiae
VPS34 (14, 34). VPS34 is a PI 39-kinase required for effective
targeting of vacuolar enzymes in yeast, suggesting that PI 39-
kinase may play an important role in vesicular movement. The
p110 subunit possesses serine kinase activity as well as the
better known PI 39-kinase activity, however, and this may effect
downstream signaling (8).
There exist multiple isoforms of both PI 39-kinase subunits

and the differences among their signaling function are poorly
understood (12, 14, 26, 28). The recent cloning of a novel
regulatory subunit isoform (p55PIK) lacking the N-terminal
SH3 domain and BCR-like domain (28) underscores another
unknown in PI 39-kinase signaling, i.e., the function of these
N-terminal domains in p85.
In summary, we have demonstrated that IRS-1 transmits a

signal in the absence of tyrosine phosphorylation and that PI
39-kinase binding is restored by addition of YMXMmotifs, but
not other motifs, to an IRS-1 molecule without tyrosine phos-
phorylation sites. The ability of IRS-1 to mediate a full mito-
genic response and activate p70s6k parallels binding of PI 39-
kinase, suggesting that these effects are PI 39-kinase
dependent. Future studies will hopefully elucidate the nature
of the phosphotyrosine-independent signal(s) mediated by
IRS-1, enhancing our understanding of insulin signaling and
IRS-1 function.
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