Tue JournaL oF Biotogicat. CHEMISTRY

Vol. 269, No. 46, Issue of November 18, pp. 28783-28789, 1994
Printed in US.A.

Insulin Receptor Substrate-1 Mediates Phosphatidylinositol
3’-Kinase and p70%% Signaling during Insulin, Insulin-like Growth
Factor-1, and Interleukin-4 Stimulation®

(Received for publication, June 20, 1994, and in revised form, September 8, 1994)

Martin G. Myers, Jr.i§, Timothy C. Grammery, Ling-Mei Wangj, Xiao Jian Suni*¥,
Jacalyn H. Piercel, John Blenistii, and Morris F. Whitei§§
From the $Research Division, Joslin Diabetes Center and Program in Cell and Developmental Biology, Harvard Medical

School, Boston, Massachusetts 02215, the WDepartment of Cell Biology, Harvard Medical School, Boston, Massachusetts
02115, and the |Laboratory of Cell and Molecular Biology, National Institutes of Health, Bethesda, Maryland 20892

Insulin Receptor Substrate-1 (IRS-1) is an endogenous
cellular protein that is tyrosine phosphorylated during
stimulation of cells with insulin, IGF-1, and interleukin
4 (IL-4). Phosphorylated IRS-1 regulates multiple regu-
latory pathways by recruiting signaling molecules con-
taining Src homology 2 domains (SH2 proteins). The 32D
myeloid progenitor cell line contains few insulin recep-
tors and no detectable IRS-1. Expression of the insulin
receptor alone partially mediates insulin-stimulated mi-
crotubule-associated protein (MAP) kinase activation,
and the addition of IRS-1 enhances this effect (Myers, M.
G., Jr., Wang, L.-M., Sun, X. J., Zhang, Y., Yenush, L. P,
Schlessinger, J., Pierce, J. H., and White, M. F. (1994) Mol.
Cell. Biol. 14, 3577-3587). Alone, insulin receptors medi-
ate phosphatidylinositol (PI) 3'-kinase and p705% activa-
tion poorly if at all during insulin stimulation. Expres-
sion of IRS-1 alone in 32D cells mediates the stimulation
of p70%% by insulin, IGF-1, or IL-4; addition of insulin
receptor to these cells increases the sensitivity of the
insulin response. In contrast, full insulin stimulation of
PI 3’-kinase requires both the insulin receptor and
IRS-1, suggesting that a high level of IRS-1 phosphoryl-
ation is required for insulin-stimulated PI 3'-kinase ac-
tivation, whereas a low level of IRS-1 tyrosine phospho-
rylation transmits an essential signal to p70%%. Both
insulin receptors and IRS-1 are required for mitogenic
signaling in 32D cells suggesting that MAP kinase or
p70% alone are not sufficient, and that both or addi-
tional unknown IRS-1-mediated signals are necessary.

The initial steps on the molecular pathway between the in-
sulin receptor and downstream effects of insulin have been
clarified by the discovery of IRS-1' and its interaction with
downstream signaling molecules which contain Src homology 2
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(SH2) domains (1-3). IRS-1 interacts directly with the insulin
receptor and undergoes tyrosine phosphorylation during insu-
lin stimulation (1-3). Phosphorylated IRS-1 binds several SH2
domain-containing proteins (SH2 proteins), including isoforms
of p85 (1, 4, 5), GRB-2 (6, 7), SH-PTP2 (syp, PTP1D) (8), and
nck (9). Others are sure to be found, as IRS-1 contains many
sites of tyrosine phosphorylation in distinctive amino acid se-
quence motifs (3, 10).

The presence of IRS-1 in most experimental systems exerts a
dominant effect, interfering with the delineation of IRS-1-in-
dependent signaling mechanisms and the functional analysis of
IRS-1 mutants (2). In contrast, the 32D myeloid progenitor cell
line contains low levels of insulin receptor and no detectable
IRS-1 or related molecules (11). Thus, the signals mediated by
the insulin receptor can be investigated in the presence and
absence of IRS-1 in 32D cells, and the signaling pathways con-
trolled by IRS-1 can be clearly defined.

Previous studies using 32D cells demonstrated that expres-
sion of the insulin or the IL-4 receptor alone is insufficient for
full insulin- or IL-4-stimulated mitogenesis in these cells (11).
Similarly, in cells expressing only IRS-1, insulin poorly stimu-
lates IRS-1 phosphorylation or mitogenesis. However, when
expressed together in 32D cells, IRS-1 and the insulin receptor
strongly mediate mitogenesis during insulin stimulation (11).
Similarly, IRS-1 is essential for IGF-1 and IL-4-stimulated mi-
togenesis, and the response is increased by overexpression of
the corresponding receptor. Thus, tyrosine-phosphorylated
IRS-1 is an important mediator in insulin, IGF-1, and IL-4
mitogenic signaling.

Phosphatidylinositol (PI) 3’-kinase phosphorylates PI, PI
4-P, and PI 4,5-P, on the 3'-position of the inositol ring during
stimulation of cells with a wide variety of growth factors or
cytokines, including insulin, IGF-1, and IL-4 (12, 13). Site-
directed mutagenesis and the use of inhibitors suggest that PI
3’-kinase is a necessary element in growth factor-stimulated
mitogenesis, translocation of glucose transporters, receptor in-
ternalization, and chemotaxis (13-21). Most activated growth
factor receptors associate directly with the SH2 domains in the
85-kDa regulatory subunit of PI 3'-kinase (p85) through auto-
phosphorylation sites in YXXM motifs (13, 22). During insulin
stimulation, however, p85 associates strongly with IRS-1,
whereas only a small percentage of PI 3'-kinase associates with
the insulin receptor (1). Although the insulin receptor directly
binds and activates PI 3'-kinase in vitro (23), much of the
receptor-associated PI 3'-kinase activity in vivo represents the
association of the PI 3'-kinase/IRS-1 complex with the acti-
vated insulin receptor (24, 25).

crotubule-associated protein; PAGE, polyacrylamide gel electrophore-
sis; MBP, myelin basic protein.
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Insulin, like other growth factors, activates a network of
serine/threonine kinases, including the MAP kinase/p90™* cas-
cade, and p705% (26-28). Each of these enzymes is implicated
as an essential element in mitogenic signaling downstream
of tyrosine kinases. The insulin receptor appears to engage
the upstream elements of the MAP/p90'* cascade (including
p21%7e) through the phosphorylation of IRS-1 or She which
associate with Grb-2/SOS (7, 29, 30). In contrast, the regulation
of p705% by insulin is less well understood, although several
drugs which inhibit cellular proliferation, including rapamycin
and wortmannin, interfere with p705¢ activation (21, 31, 32).
Thus, p70°%* may be an essential element in insulin-stimulated
mitogenesis.

In this report, we demonstrate that IRS-1 is essential for
insulin stimulation of both PI 8’-kinase and p705% in 32D cells,
which is consistent with recent reports that PI 3'-kinase is an
upstream mediator of p705% (21, 32). p705% is much more sen-
sitive than PI 3-kinase to IRS-1, however, suggesting either
that very little PI 8’-kinase is required for full p705¢* activation
or that a separate pathway may branch from IRS-1 to regulate
this kinase. Additional work with IRS-1 mutants will be nec-
essary to fully evaluate this model.

EXPERIMENTAL PROCEDURES

Cell Lines—32D cell lines were maintained in RPMI 1640 (Life Tech-
nologies, Inc.) containing 10% fetal bovine serum and 5% conditioned
media from WEHI cells (a source of IL-3) (11). Cell lines expressing the
insulin receptor, IRS-1, and both the insulin receptor and IRS-1 have
been described (7, 11). Cell lines expressing IRS-1 were maintained in
media containing 5-10 mw histidinol (Sigma).

Antibodies and Growth Factors—Affinity-purified rabbit polyclonal
aPY antibodies (33) and polyclonal rabbit antibodies raised against
baculovirus-produced IRS-1 protein (34) have been described previ-
ously. Mouse monoclonal IR antibodies used to immunoprecipitate the
insulin receptor were the gift of Dr. K. Siddle (Cambridge, UK). Rabbit
antisera against MAP kinase and p70°°* have been described previously
(31). Affinity-purified rabbit antibodies to a synthetic peptide contain-
ing amino acids 146-161 of mouse ap85 were used for p85a immuno-
precipitations. Insulin was from ELANCO (Indianapolis, IN), IGF-1
was from Calbiochem, and murine IL-4 was from UBI (Lake Placid,
NY).

Incorporation of [PH]Thymidine into DNA in 32D Cells—Insulin-
stimulated thymidine incorporation was assayed as described previ-
ously (7, 11). Briefly, cells in log phase growth were washed and seeded
into RPMI with 10% fetal bovine serum alone or containing various
concentrations of insulin or IL-3-containing conditioned media (WEHI).
Cells were grown for 48-72 h at 387 °C. [*H]Thymidine (ICN) was added
to a final concentration of 0.5 nCi/ml, and incubation was continued for
3 h. Cells were collected onto glass microfiber filters and lysed, and
unincorporated nucleotide was removed by repeated washing with wa-
ter. Filters were dried and counted in scintillation fluid for 1 min.

Phosphatidylinositol 3'-Kinase Activity—In vitro phosphorylation of
phosphatidylinositol was carried out in immune complexes as described
previously (12). 32D cell lines were starved for 4 h in unsupplemented
Dulbecco’s modified Eagle’s medium at 37 °C. The quiescent cells were
incubated with various concentrations of insulin, IGF-1, or IL-4 for 5
min, washed once with ice-cold phosphate-buffered saline, and collected
by centrifugation. The cells were solubilized as described (12) and in-
cubated with antibody for 1-2 h at 4 °C. Immune complexes were pre-
cipitated from the supernatant with Protein A-Sepharose (Pharmacia)
and washed as described (12). Immune complexes were incubated with
phosphatidylinositol (Avanti) and [y-**PJATP (3000 Ci/mmol) for 10 min
at 22 °C. Reactions were stopped with 20 ul of 8 x HCI and 160 nl of
CHCl;:methanol (1:1) and centrifuged, and the lower organic phase was
removed and applied to a silica gel TLC plate (Merck) which had been
coated with 1% potassium oxalate (12). TLC plates were developed in
CHCl,:CH,OH:H,0:NH,OH (60:47:11.3:2), dried, and visualized and
quantitated on a Molecular Dynamics PhosphorImager.

Immunoblotting—Proteins were denatured by boiling in Laemmli
sample buffer containing 100 mm dithiothreitol by SDS-PAGE. Gels
were transferred to nitrocellulose membranes (Schleicher & Schuell)
in Towbin buffer containing 0.02% SDS and 20% methanol (35).
Membranes were blocked, probed, and developed as described pre-
viously (7, 31). Blots were exposed to Kodak X-AR film or imaged on
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Fic. 1. Thymidine incorporation into DNA in 32D cell lines.
32D cell lines were grown in the absence or presence of various concen-
trations of insulin for 48 h. [’H]Thymidine was then added to the media,
and incubation was continued for 3 h before cells were harvested and
DNA was collected on glass microfiber filters. Data are the average of
triplicate determinations graphed as the percent of the positive control
(IL-3-stimulated thymidine incorporation). Inset, 32D, 32D}, 32D/
IRS-1, and 32D™/IRS-1 cells were lysed and analyzed by immunoblot-
ting with «IRS-1. The data shown are representative of multiple
experiments.

a Molecular Dynamics PhosphorImager.

In Vitro Assays for MAP and p70°% Kinase Activity—Cells were made
quiescent, stimulated (5 min for MAP kinase assays or 30 min for p705%
assays, unless otherwise noted), and collected as described above. Cells
were lysed in ice-cold 10 mm potassium phosphate, 1 mm EDTA (pH
7.05) containing 0.5% Nonidet P-40, 5 mm EGTA, 10 mm MgCl,, 50 mm
B-glycerophosphate, 1 mm Na,VO,, 2 mum dithiothreitol, 0.1 mm phenyl-
methylsulfonyl fluoride, and 10 pg/ml each of aprotinin and leupeptin.
Insoluble material was removed by centrifugation at 10,000 x g for 10
min. Anti-MAP kinase or anti-p70°% antibodies were added for 2 h and
collected on protein A-Sepharose beads for 1 h at 4 °C. Immunoprecipi-
tates were washed (31, 36) and incubated with [y-**PJATP (50 uu final,
20 nCi/reaction) containing 2 ng of myelin basic protein/reaction (for
MAP kinase assays) or 20 ug of 40 S ribosomes/reaction (for p705%
assays) (31, 36). Assays were incubated for 15 min at room temperature
and were stopped by the addition of 2 x Laemmli sample buffer.
Samples were denatured by boiling, and phosphorylated substrates
were analyzed by SDS-PAGE.

RESULTS

IRS-1 Mediates Insulin-stimulated Mitogenesis in 32D
Cells—The 32D cells, like the related myeloid progenitor cells
FDC-P1 and FDC-P2, proliferate rapidly during interleukin-3
(IL-3) stimulation. However, unlike typical myeloid cell lines,
mitogenesis in 32D cells is completely unresponsive to insulin,
IGF-1, and IL-4 (11). Even overexpression of the cognate recep-
tors for these growth factors does not restore responsiveness in
32D cells (Fig. 1). Co-expression of the insulin receptor with
IRS-1 enables 32D cells to proliferate vigorously during insulin
stimulation (Fig. 1). Expressed alone, low levels of IRS-1 have
no effect on insulin-stimulated mitogenesis because the recep-
tor level is so low (Fig. 1), although expression of much higher
levels of IRS-1 mediates a weak but detectable mitogenic re-
sponse to insulin (11). IGF-1 and IL-4 stimulate mitogenesis
with lower levels of IRS-1 expression, since the level of their
endogenous receptors is higher, and overexpression of the re-
ceptors increases the response (11). The requirement for IRS-1
in insulin-stimulated mitogenesis in 32D cells suggests that
IRS-1 contributes important elements to the insulin signal
which the insulin receptor alone is unable to provide.

PI 3'-Kinase Signaling in 32D Cells—We directly examined
the role of IRS-1 in the activation of PI 3’-kinase by insulin in
the 32D cells by assaying the activity found in ap85 immuno-
precipitates (Fig. 2). PI 3'-kinase was not activated signifi-
cantly during insulin stimulation of 32D or 32D cells express-
ing the insulin receptor (32D'™®) (0.7 + 0.3-fold in 32D cells and
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Fic. 2. Activation of PI 3’-kinase by insulin in 32D cell lines.
32D cell lines were stimulated with 100 nm insulin for 5 min, lysed, and
immunoprecipitated with ap85 antibodies. Immunoprecipitates were
washed, and PI 3'-kinase activity was quantitated in an in vitro kinase
assay. Data are plotted as -fold stimulation for each cell line during
insulin stimulation + S.E. for triplicate determinations. Inset, 32D,
32D'® 32D/IRS-1, and 32D™/IRS-1 cells were incubated in the absence
(=) or presence (+) of insulin (+), lysed, and analyzed by immunoblotting
with aPY. The data shown are representative of at least three inde-
pendent experiments.

IRS

1.25 = 0.35-fold in 32D™ cells), although the B-subunit of the
insulin receptor was strongly tyrosine-phosphorylated in the
latter (Fig. 2). PI 3'-kinase was stimulated slightly in 32D cells
expressing only IRS-1 (32D/IRS-1), consistent with the low
level of IRS-1 tyrosine phosphorylation mediated by the endog-
enous insulin receptor and cross-reacting IGF-1 receptor (Fig.
2, inset ). However, significant stimulation occurred only in cells
expressing both insulin receptor and IRS-1 (32D'™®/IRS-1), in
which IRS-1 is strongly tyrosine-phosphorylated during insulin
stimulation (Fig. 2). Thus, the activation of PI 3’-kinase by
insulin in 32D cells requires tyrosyl phosphorylation of IRS-1,
as activation of the insulin receptor alone has no effect.

Immune complex PI 3'-kinase assays with antibodies to spe-
cific components of the insulin signaling system confirmed our
conclusions. PI 3’-kinase strongly associated with aIRS-1 im-
munoprecipitates from 32D/IRS-1 cells, weakly with immu-
noprecipitates from 32D/IRS-1 cells, and not at all from 32D
and 32D cells (Fig. 8A). This relative ranking reflects the level
of IRS-1 tyrosine phosphorylation that occurs in the cells. Par-
allel immunoprecipitates with antibodies against the insulin
receptor (aIR) showed clearly that the PI 3'-kinase does not
associate directly with the insulin receptor in vivo (Fig. 3C).
However, alR strongly immunoprecipitated PI 3’-kinase in
32D™/IRS-1 cells confirming that a tertiary complex (IR/IRS-
1/PI 3'-kinase) forms during insulin stimulation, as described
previously (25). Interestingly, PI 3'-kinase activity was weakly
detected in «PY immunoprecipitates (relative to IRS-1 immu-
noprecipitates) from 32D'®/IRS-1 cells (Fig. 3B). Although the
arbitrary values obtained from the PhosphorImager for the
experiments shown are not directly comparable, the activity in
aIRS-1 immunoprecipitates was generally 5-10-fold greater
than in aPY or «IR immunoprecipitates. These results suggest
that hyperphosphorylation of IRS-1 or the formation of the
ternary (IR/IRS-1/PI 3'-kinase) complex is necessary for suc-
cessful immunoprecipitation by aPY.

IRS-1 Is Required for Insulin-stimulated Activation of
p70%%* —Certain insulin signaling pathways are independent of
IRS-1 because other molecules mediate the response. In par-
ticular, insulin partially stimulated MAP kinase activity in the
immune complex assay from 32D cells, whereas insulin had
no effect on MAP kinase from parental 32D cells or 32D/IRS-1
cells (Fig. 4A). Previous work suggests that IRS-1-independent
stimulation of Shc tyrosine phosphorylation and its subsequent
binding to Grb-2/SOS mediates the activation of MAP kinase by
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Fic. 3. Association of PI 3'-kinase with insulin-stimulated
phosphoproteins in 32D cell lines. Equivalent numbers of 32D cells
or 32D cells expressing IR, IRS-1, or IR and IRS-1 were stimulated with
the indicated concentrations of insulin for 5 min, lysed, and immuno-
precipitated with aIRS-1 (A), aPY (B), and «IR antibodies (C). Immu-
noprecipitates were washed and assayed for associated PI 3'-kinase
activity. Counts incorporated into PI 3’-phosphate were quantified on a
PhosphorImager; the absolute amount of activity is not directly compa-
rable between different immunoprecipitates, as assays were run and
quantified independently. The data shown are representative of at least
two independent experiments.
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insulin in 32D cells (7). Moreover, the effect of insulin on MAP
kinase was enhanced by expression of IRS-1 in 32D™/IRS-1
(Fig. 4A), since the hyperphosphorylation of IRS-1 further en-
gaged Grb-2/Sos (7).

Like PI 3'-kinase, insulin stimulation of p705% required the
expression of IRS-1 (Fig. 4B). Insulin activated p705% poorly if
at all in the immune complex assay prepared with extracts
from 32D cells and 32D cells, whereas insulin strongly stimu-
lated p705% in 32D/IRS-1 (Fig. 4B). The presence of the insulin
receptor with IRS-1 (32D™/IRS-1) increased the sensitivity of
activation compared to 32D/IRS-1 cells, but did not increase the
maximal response. Therefore, a low level of IRS-1 phosphoryl-
ation is sufficient for maximal activation of p705%, whereas the
hyperphosphorylation of IRS-1 is required for increased IRS-1-
mediated MAP kinase signaling or full PI 3'-kinase activation.

The p705% is activated by multisite serine phosphorylation,
which is readily detected by a retarded migration of the enzyme
during SDS-PAGE (31). Only the most highly phosphorylated
forms of p705% (the slowest migrating) display increased kinase
activity (31). Insulin had no effect on p705* phosphorylation in
32D cells, whereas it caused a partial, but incomplete, phos-
phorylation in 32D cells (Fig. 4C). This was consistent with
the absence of increased p705% activity in the immune complex
assay. The p70% was completely phosphorylated in 32D/IRS-1
cells during stimulation with high insulin concentrations, con-
sistent with the full activation of the enzyme in the immune
complex assay (Fig. 4C). The insulin sensitivity of the IRS-1-
mediated phosphorylation and activation of p705¢% was signifi-
cantly increased by co-expression of the insulin receptor with
IRS-1 (Fig. 4C).

Insulin (100 nm) stimulated p705% with similar time courses
in 32D/IRS and 32D™/IRS cells suggesting that partial IRS-1
phosphorylation was sufficient for the response (Fig. 5A).
Moreover, during stimulation with 100 nM insulin, the activa-
tion of p705% did not vary greatly with various levels of IRS-1
expression in 32D/IRS-1 cells (Fig. 5B). Thus, IRS-1 is a sen-
sitive mediator of p70%% activation, although under identical
conditions IRS-1 is unable to support mitogenesis, enhanced

MAP kinase signaling, or full PI 3'-kinase activation during
insulin signaling.

IRS-1 binds PI 3'-kinase and mediates p70°%* activation in
response to IGF-1 and IL-4—In addition to insulin, IRS-1 me-
diates IGF-1- and IL-4-stimulated responses in 32D/IRS-1 cells
(11, 37). Since these cells contain a sufficient level of endoge-
nous IGF-1 and IL-4 receptors, mitogenesis is stimulated by
these growth factors without expression of additional receptors
(11). Moreover, both IGF-1 (10 nm) and IL-4 (50 ng/ml) strongly
stimulated the association of PI 3'-kinase with IRS-1 (Fig. 6A).
In contrast, 10 nM insulin had a small or no effect on the
association of PI 3’-kinase with IRS-1 in 32D/IRS-1 cells (Figs.
3A and 6A). Paradoxically, co-expression of the insulin receptor
with IRS-1 in 32D'®/IRS-1 cells decreased the IGF-1- and IL-
4-stimulated association of PI 3’-kinase with IRS-1, whereas it
strongly enhanced the insulin-stimulated effect (Fig. 6A). Per-
haps the insulin receptor competes for IRS-1 binding, thus
decreasing the availability of IRS-1 for the IGF-1 and IL-4
receptors.

Immune complex and gel shift assays demonstrated that
insulin, IGF-1, and IL-4 poorly activated p70% in 82D or 32D™®
cells, whereas all of these factors activated p705% in 32D/IRS-1
and 32D™/IRS-1 cells (Fig. 6, B and C). Thus, IRS-1 mediates
the activation of p70%% by insulin, IGF-1, and IL-4, but this
response does not exactly parallel the activation of the PI 3'-
kinase.

DISCUSSION

The 32D cell provides an ideal system for studying the role
for IRS-1 in insulin signaling, since these cells contain no func-
tional IRS-1. Not only is IRS-1 immunologically undetectable
in these cells with a variety of aIRS-1 antibodies (11),% it is
undetectable by immunoblotting with aPY antibodies, which
amplifies the signal on phosphorylated IRS-1 and detects the
related 4PS (11, 38). Furthermore, expression of IRS-1 protein

2 M. F. White, J. H. Pierce, M. G. Myers, Jr., and L. M. Wang, unpub-
lished data.
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Fic. 5. Time course and IRS-1 dose dependence of p705% acti-
vation in 32D cell lines. A, 32D cell lines were stimulated with 100 nm
insulin for the indicated times, lysed, and assayed for p705% activity.
Phosphate incorporation was quantified on a PhosphorImager. B, 32D
cells, 32D cell lines expressing various levels of IRS-1, and 32D™/IRS-1
cells were stimulated for 30 min with 100 nm insulin, lysed, and assayed
for p705% activity. Phosphate incorporation was quantified on a Phos-
phorImager. Inset, lysates from the cell lines in B were resolved by
SDS-PAGE and immunoblotted with «IRS-1 antibodies. Migration of
IRS-1 is indicated. The data shown are representative of several inde-
pendent experiments.

from exogenous promoters is required for insulin-mediated mi-
togenesis, suggesting that if any small amount of IRS-1 exists
in these cells, it is insufficient to function by this measure of
insulin signaling. Moreover, association of tyrosine-phosphoryl-
ated IRS-1 with PI 3'-kinase is undetectable in cells expressing
only the insulin receptor. Using these 32D cells and derivative
lines expressing insulin receptor and/or IRS-1, we have previ-
ously defined a role for IRS-1 as a component of MAP kinase
activation by insulin (7), although the insulin receptor is able to
stimulate pathways which partially activate MAP kinase in the
absence of IRS-1. Here, we demonstrate an absolute require-
ment for IRS-1 in signaling to p705% and PI 3'-kinase during
insulin stimulation (Fig. 7). Furthermore, IRS-1 plays a similar
role in p705% and PI 3'-kinase during signaling by IGF-1 and
IL-4.

We observed that IRS-1 is required for the association of PI
3'-kinase with insulin-stimulated tyrosyl phosphoproteins in
aIRS-1, aPY, and aIR immunoprecipitates. Thus, the majority
of PI 3'-kinase associated with the insulin receptor in most cell
types (which express some IRS-1) is likely associated indirectly
with the insulin receptor by binding receptor-associated IRS-1
(25). We previously reported that IRS-1 forms stable complexes
with the insulin receptor (2) and that overexpression of IRS-1
increases the amount of PI 3'-kinase associated with the insu-
lin receptor during insulin stimulation (25). This suggested
that some aIR-precipitable PI 3'-kinase activity represents PI
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3’-kinase bound to insulin receptor-associated IRS-1 and not
bound directly to the receptor. Our data here suggest that vir-
tually no PI 3’-kinase associates directly with the insulin re-
ceptor in vivo. Although the insulin receptor directly associates
with and activates PI 3'-kinase in vitro (23), this pathway does
not operate in the absence of IRS-1 in the intact cell, as expres-
sion of receptor alone in 32D cells is insufficient for detectable
activation of PI 3'-kinase in ap85 immunoprecipitates. More-
over, mutation of the C-terminal phosphorylation sites on the
insulin receptor (those shown to activate PI 3'-kinase in vitro)
does not detectably alter PI 3’-kinase activation or PI 3'-kinase/
insulin receptor association in vivo (24). In contrast, mutation
of the insulin receptor juxtamembrane region, which is re-
quired for IRS-1-mediated events, abrogates insulin-stimu-
lated PI 3'-kinase and growth (24). Thus, by multiple criteria,
IRS-1 is an essential component in insulin signaling to PI 3'-
kinase in many cells and tissues.

Homologous knockout of IRS-1 from mice impairs organis-
mal growth and insulin metabolic signaling. Furthermore, it
reduces, but does not eliminate, insulin-stimulated PI 3'-ki-
nase from several tissues.’ Thus, alternative routes must exist
for the activation of PI 3’-kinase by insulin. Our data demon-
strate that the insulin receptor alone is insufficient to mediate
PI 3'-kinase signaling, hence another mediator must exist. One
promising candidate for this mediator is 4PS, a 185-kDa IRS-
1-related protein which is tyrosine-phosphorylated during in-
sulin, IGF-1, and IL-4 stimulation of several myeloid cell lines,
but which is absent in 32D cells (11). Although 4PS co-migrates
with IRS-1 during SDS-PAGE, it reacts poorly if at all with
aIRS-1 antibodies; interestingly, a similar protein is found in
ap85 immunoprecipitates from tissues of IRS-1 knockout
mice.?

In parental 32D and 32D cells, insulin, IGF-1, and IL-4 are
unable to activate p705. These growth factors activate p705%*
in 32D/IRS or 32D™/IRS-1 cells, however, demonstrating that
IRS-1 lies on the pathway between the receptors for these fac-
tors and p705%. The hormone sensitivity is increased by co-
expression of the insulin receptor suggesting a role for tyrosine
phosphorylation of IRS-1; although, above some low threshold,
increases in the amount of tyrosine-phosphorylated IRS-1 fail
to further activate p705%. Thus, relative to IRS-1 mediation of
mitogenesis, MAP kinase activation, and PI 3’-kinase activa-
tion, activation of p70%% is very sensitive to IRS-1.

9 of 21 potential (and 5 of the 8 known) tyrosine phosphoryl-
ation sites on IRS-1 lie in canonical PI 3’-kinase recognition
motifs (1, 3), and low levels of incompletely phosphorylated
IRS-1 bind PI 3’-kinase, although they do not effectively acti-
vate it. The relative importance of PI 3'-kinase/phosphoprotein
associations and PI 3'-kinase activation in signal transduction
is unknown. However, during the analysis of in vivo phospho-
lipids in 32D cell lines, we have noted high levels of 3'-phos-
phorylated lipids even in unstimulated 32D cell lines®*; these
lipids may be a product of the novel G protein-regulated PI
3-kinase recently characterized in myeloid cells (39). Thus, the
association of PI 3’-kinase with the signaling complex may be
the important factor in signal transmission, rather than the
absolute level of 3’-phosphorylated phosphoinositides. The ho-
mology between PI 3’'-kinase p110 and the yeast protein traf-
ficking protein Vps34 (40) suggests that such an association
could be required for proper trafficking of a signaling complex.

While the signaling element(s) engaged by IRS-1 to mediate
p705% activation is unknown, the sensitivity of the p70%% re-
sponse to low levels of incompletely phosphorylated IRS-1 sug-
gests that PI 3'-kinase binding may be involved. Indeed, recent

3 C. R. Kahn, personal communication.
4 M. G. Myers, Jr. and M. F. White, unpublished data.
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binds PI 3'-kinase and is an essential link in the pathway(s) leading to activation of p7(

)%* and mitogenesis. There is evidence linking PI 3'-kinase

to mitogenic signaling and p70%* activation. During insulin signaling, IRS-1 plays a requisite role in PI 3'-kinase signaling. The insulin receptor
engages the Shc and MAP kinase pathways independently of IRS-1, although IRS-1 contributes to MAP kinase signaling by binding to GRB-2/
mSos. The relative roles of IRS-1 and Shc in MAP kinase signaling are not known in IGF-1 and IL-4 signaling.

data suggest a central role for PI 3’-kinase in p70%% activation
(21, 32). The PI 3'-kinase association sites on the platelet-
derived growth factor receptor are required for activation of
p705% in response to platelet-derived growth factor stimulation
(32). Furthermore, LY294002 and wortmannin, two unrelated
inhibitors of PI 3'-kinase, abrogate p70%% activation in re-
sponse to insulin, platelet-derived growth factor, and IL-2
(21, 32).

That is not to say, however, that signaling elements in addi-
tion to PI 3’-kinase may not be required for the activation of
p70%%, Furthermore, the role of PI 3’-kinase in signal trans-
duction is not well defined: PI 3'-kinase activation appears to
be required for movement of the facilitated glucose transporter
GLUT4 (18, 21), which is on a divergent pathway from p70%%*
(36), as well as for mitogenesis (14-17), chemotaxis (19), and
receptor endocytosis (20). The involvement of PI 3'-kinase in
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multiple disparate responses suggests that it may not activate
specific signaling pathways, but facilitate the activation of mul-
tiple pathways, perhaps by controlling vesicle movement.

The ability of high doses of insulin to activate p70°% but not
mitogenesis in 32D/IRS-1 cells suggests that activation of
p70%% is not sufficient for mitogenesis. Similarly, in 32D'F cells,
insulin activates p21%"** and MAP kinase in response to insu-
lin, although these cells fail to respond mitogenically to insulin
(7). Therefore, neither p21¥™, MAP kinase, nor p70°% is suf-
ficient for mitogenic signaling, but the combination of these
three and possibly others may be required. This delineation of
IRS-1-independent (insulin receptor-dependent) and IRS-1-de-
pendent signaling pathways, neither of which is sufficient for
the mediation of mitogenic signaling, underscores the impor-
tance of coordinating multiple signaling pathways in the gen-
eration of complex biological phenomena.
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