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Insulin and insulin-like growth factor 1 (IGF-1) evoke diverse biological effects through receptor-mediated
tyrosine phosphorylation of insulin receptor substrate (IRS) proteins. We investigated the elements of IRS-1
signaling that inhibit apoptosis of interleukin 3 (IL-3)-deprived 32D myeloid progenitor cells. 32D cells have
few insulin receptors and no IRS proteins; therefore, insulin failed to inhibit apoptosis during IL-3 withdrawal.
Insulin stimulated mitogen-activated protein kinase in 32D cells expressing insulin receptors (32D'™) but
failed to activate the phosphatidylinositol 3 (PI 3)-kinase cascade or to inhibit apoptosis. By contrast, insulin
stimulated the PI 3-kinase cascade, inhibited apoptosis, and promoted replication of 32D'® cells expressing
IRS-1. As expected, insulin did not stimulate PI 3-kinase in 32D'® cells, which expressed a truncated IRS-1
protein lacking the tail of tyrosine phosphorylation sites. However, this truncated IRS-1 protein, which
retained the NH,-terminal pleckstrin homology (PH) and phosphotyrosine binding (PTB) domains, mediated
phosphorylation of PKB/akt, inhibition of apoptosis, and replication of 32D'® cells during insulin stimulation.
These results suggest that a phosphotyrosine-independent mechanism mediated by the PH and PTB domains
promoted antiapoptotic and growth actions of insulin. Although PI 3-kinase was not activated, its phospholipid
products were required, since LY294002 inhibited these responses. Without IRS-1, a chimeric insulin receptor
containing a tail of tyrosine phosphorylation sites derived from IRS-1 activated the PI 3-kinase cascade but
failed to inhibit apoptosis. Thus, phosphotyrosine-independent IRS-1-linked pathways may be critical for

survival and growth of IL-3-deprived 32D cells during insulin stimulation.

Members of the insulin receptor (IR) family play important
roles throughout evolution, since they are involved in the de-
velopment of flies, worms, and mammals (10, 11, 24, 27). In
mammals, IRs are essential for carbohydrate metabolism, in-
sulin growth factor 1 (IGF-1) receptors promote cell growth,
and both may contribute to cell survival and cellular transfor-
mation (32, 35, 47, 59, 60). Disruption of IGF-1 receptors
causes severe developmental defects, and without insulin re-
ceptors neonates cannot survive (1, 25, 36). Moreover, partial
inhibition of the IR kinase is associated with type 2 diabetes
(61).

IR substrate (IRS) proteins coordinate and amplify signals
from IR family members (44, 72). IRS-1 and IRS-2 are widely
expressed members of the IRS protein family which are ty-
rosine phosphorylated during insulin and IGF-1 stimulation
(57, 58). IRS-3 and IRS-4 have similar structures, but their
expression is largely restricted to adipocytes and pituitary-thy-
roid, respectively (33, 34). Various cytokine receptors, includ-
ing those for interleukin 4 (IL-4), growth hormone, interferon,
and others, also stimulate tyrosine phosphorylation of IRS pro-
teins, usually through the activation of Janus (JAK) kinases
(13, 14). Physiologically, IRS proteins are crucial for normal
development and metabolic control. Mice lacking IRS-1 grow
poorly in utero and remain small throughout life (5); partial
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disruption of both the IR and IRS-1 causes hyperinsulinemia
and diabetes (12). Without IRS-2, mice grow to normal size
but develop type 2 diabetes, owing to insulin resistance and a
progressive reduction of B-cell mass (68). Disruption of both
IRS proteins is embryonic lethal, suggesting that together they
are essential for normal development and growth (67).
Tyrosine phosphorylated IRS proteins bind to the Src ho-
mology 2 domains in a variety of signaling proteins, including
phosphatidylinositol 3 (PI 3)-kinase, Grb-2, SHP2, crk, and fyn
(72). PI 3-kinase consists of a catalytic domain and a regulatory
domain; the kinase is activated when the regulatory domain
binds to tyrosine-phosphorylated motifs in activated growth
factor receptors or docking proteins such as IRS-1 and IRS-2
(72). The binding of p55/p85 regulatory subunits to the IRS
proteins is the principal mechanism that activates PI 3-kinase
during insulin and IGF-1 stimulation (7, 43, 49). In certain
systems, the catalytic domain directly binds to activated ras,
which contributes to the activation of PI 3-kinase (39, 51).
The PI 3-kinase cascade promotes metabolic and growth
responses during growth factor, cytokine, or insulin/IGF-1 stim-
ulation (18, 26, 50). Products of PI 3-kinase are coupled to
many biological responses through various serine kinases, in-
cluding PDK1, PKB/akt, p70*°*, PKCy, and others (3, 40, 43,
64, 66). PKB/akt is a serine/threonine kinase which contains a
pleckstrin homology (PH) domain that binds to PtdIns-3,4,5-P5
(2). Activation of PI 3-kinase recruits PKB/akt to the plasma
membrane, where it is activated by phosphorylation of Thr?*®
and Ser?”? (2, 3, 19, 31). Thr**® is phosphorylated by phospho-
inositide-dependent kinase 1 (PDK1), and Ser*’? is phosphor-
ylated by a distinct membrane-associated kinase, which has
tentatively been called PDK2 (17). Activated PKB/akt medi-
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ates various metabolic effects of insulin (19, 30, 28a). Mutation
of the phosphorylation sites in PKB/akt blocks activation and
prevents insulin-stimulated protein synthesis (28a). Moreover,
PKB/akt is particularly important for IGF-1-dependent neuro-
nal survival, since it phosphorylates the bcl2 family member
BAD and inhibits apoptosis (22, 23).

Although considerable evidence suggests that activation of
PI 3-kinase is critical for survival and growth, this hypothesis
fails to explain the inability of the Drosophila IR to promote
survival and growth of IL-3-deprived 32D cells during insulin
stimulation (71). The Drosophila IR is similar to the mamma-
lian IR. Both receptors catalyze tyrosine phosphorylation of
Shc, which recruits Grb2/mSOS to activate mitogen-activated
protein (MAP) kinase (53). However, the Drosophila IR has an
extended COOH-terminal tail with homology to a region of
IRS-1 that directly binds p85 and activates the PI 3-kinase
cascade. Despite the ability to stimulate PI 3-kinase in 32D
cells without IRS-1, the Drosophila IR fails to promote growth
and survival of these 32D cells during insulin stimulation (71).
Apparently, the Drosophila IR lacks crucial signaling elements
that are provided by IRS proteins.

We designed two classes of recombinant proteins to identify
the essential elements provided by IRS-1 that mediate survival
and growth of IL-3-deprived 32D cells. First, a region of IRS-1
that contains four PI 3-kinase-binding YMXM motifs and one
Grb2-binding YVNI motif (5Y region) was attached to the end
of the human IR B-subunit; this chimera was called IRSY. The
5Y region resembles the tail of the Drosophila IR; thus, IRSY
is expected to activate PI 3-kinase without IRS-1 (71). For
comparison, truncated IRS-1 proteins composed of the PH
and phosphotyrosine binding (PTB) domains alone (PP do-
main) or including the 5Y region (PP5Y) were coexpressed
with the IR in 32D cells. Our results reveal that stimulation of
the PI 3-kinase cascade by IR5Y did not inhibit apoptosis or
promote long-term replication of 32D cells during insulin stim-
ulation. Additional pathways mediated by the NH, terminus of
IRS-1, possibly including transient phosphorylation-activation
of PKB/akt or other kinases, may inhibit apoptosis and pro-
moted replication of 32D cells during insulin.

MATERIALS AND METHODS

Construction of chimeric molecules. An IR chimera (IR5Y) was constructed
by adding a cDNA fragment encoding residues 563 to 898 from rat IRS-1 (5Y
region) onto the COOH terminus of the human IR. A 3.7-kb HindIII and AfIIII
fragment of IR and an AfIIII/Xbal PCR fragment of IR corresponding to amino
acids Asp!''7® to Ser!'3*? were subcloned into pBluescript to produce the vector
called IR end. A PCR fragment encoding the 5Y region was blunt-end subcloned
into the BstXI and Xbal site of the pCMVhis expression vector to create
pCMVhis5Y (63). The IR end and pCMVhis5Y constructs were then digested
with Xbal and ligated to generate the chimeric IR containing the IRS-1-derived
extension in the pCMVhis expression vector (IR5Y). With an IRS-1 template
containing five tyrosine-to-phenylalanine substitutions (amino acids 608, 628,
658, 727, and 895), a similar subcloning procedure was used to generate the IR
chimera with a tyrosine-deficient IRS-1-derived extension (IRSF) (46). Both
constructs were confirmed by DNA sequencing in the Joslin Diabetes Center
DNA Core facility (ABI sequencing).

The IRS-1-derived substrates were prepared by attaching the 5Y region di-
rectly to the COOH terminus of the PP domain (residues 1 to 309 of IRS-1). For
PP5Y and PP5F, an IRS-1/pBluescript template, either rat IRS-1 or IRS1F1 (rat
IRS-1 with 18 tyrosine-to-phenylalanine point mutations), was digested with
EcoRI and Aatll and religated in the presence of an oligonucleotide linker
containing EcoRI- and AatII-compatible overhangs and an intervening Sall site
for confirmation of linker insertion (5'-AATTAGTCGACATTCATGACGT-3’
and 5'-CATGAATGTCGACT-3'). The resulting constructs and PCR fragments
of IRS-1 corresponding to amino acids 1 to 309 were digested with BspEI and
PflmI and ligated together. The subsequent inserts were subcloned into the
pCMVhis expression vector by using Sacl and HindIIl. The expression vector
containing the PP domain of IRS-1 was generated by introducing a stop codon
at amino acid 310 of IRS-1. All constructs were confirmed by DNA sequencing.

Generation of 32D cell lines. All 32D cells lines are grown and maintained in
RPMI 1640 medium (GIBCO) containing 10% fetal bovine serum (FBS) and 5%
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WEHI-conditioned medium to provide IL-3; 32D™ and 32D'™®/IRS-1 cell lines
have been previously described (63). 32D cell lines expressing the IR chimeras
and IRS-1-derived substrates were generated by similar techniques. Briefly, ce-
sium chloride-purified DNA (10 pg) of each construct was used to transfect 5 X
10° 32D cells by electroporation. The cells were then plated in 15 ml of nonse-
lective medium for 18 h and then transferred to selective medium and diluted
into two 24-well plates. Antibiotic-resistant colonies were then expanded and
screened for protein expression. Five or more lines of each cell type were
selected for further analysis.

p85 and Grb-2 association. 32D cell lines were starved for 4 h, stimulated with
insulin (100 nM), and lysed as described elsewhere (45). Proteins were immu-
noprecipitated with specific antibodies against the IR or IRS-1 for 1 h at 4°C
(71). Immune complexes were collected with protein A-Sepharose. Proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), transferred to nitrocellulose, and immunoblotted with antiserum against
p85 (49) or Grb-2 (C-23; Santa Cruz).

ERK, PKB/akt, and p70°°* phosphorylation. 32D cells were incubated without
IL-3 for 4 h, stimulated with insulin (100 nM) for 5 min (ERK experiments) or
30 min (p70°°%) or the indicated times (PKB/akt), and lysed as described else-
where (45). Lysates were resolved on 10% polyacrylamide gels, transferred to
nitrocellulose, and immunoblotted with phosphospecific antibodies against
ERKI1/ERK2, PKB/akt (New England Biolabs), or a p70*®*-specific antibody
prepared in our laboratory as previously described (71).

MTT assay. 32D cells were washed and counted, and 10,000 cells/well were
seeded into 96-well tissue culture dishes with the growth factor treatments
indicated. When indicated, various concentrations of drug LY294002 were added
at the beginning of the incubation time. 3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Sigma) assays were performed as described else-
where (42). Cells were incubated for the indicated times; MTT (50 pg/well) was
added, and the cells were incubated for an additional 3 h. The cells were lysed,
and the formazan dye was dissolved in 150 pl of HCl-isopropanol (2 ml of 1 N
HCI1/48 ml of isopropanol). Absorbance at 570 nM was measured on a BIO-TEK
EL311-SX microplate reader.

[*H]thymidine incorporation. Insulin-stimulated thymidine incorporation was
assayed as previously described (71). Briefly, cells in log-phase growth were
washed, and 2 X 10° cells were seeded into 1 ml of medium in each of 24 wells
containing RPMI with 10% FBS alone or 100 nM insulin or IL-3-containing
conditioned medium (WEHI). Cells were incubated for 48 h at 37°C. [*H]thy-
midine (ICN) was added to a final concentration of 0.5 mCi/ml, and incubation
was continued for 2 h. The cells were collected onto glass microfiber filters, lysed,
and washed repeatedly with water to remove unincorporated nucleotide. The
filters were dried, and retained radioactivity was measured for 1 min in scintil-
lation fluid.

Gel fragmentation assay. Cells (5 X 10°) were incubated for 18 h in RPMI
1640 containing 10% FBS alone, 10% FBS with 100 nM insulin, or 10% FBS with
5% 1L-3-conditioned medium as indicated. The cells were then lysed in 400 pl of
lysis buffer (10 mM Tris-HCI, 10 mM EDTA, 0.2% Triton X-100 [pH 7.5]), and
cell debris was removed by centrifugation. Lysates were then extracted once with
an equal volume of phenol and once with phenol-chloroform (1:1), precipitated
in the presence of glycogen carrier, and treated with RNase (1 h at 37°C). DNA
was then separated on a 1.5% agarose gel and stained with ethidium bromide;
staining intensity was determined by scanning the entire lane with Multi-Analyst
(BioRad).

PI 3-kinase assays. 32D cell lines were grown, stimulated, lysed, and immu-
noprecipitated as for immunoprecipitations as described above. Immune com-
plexes were precipitated from the supernatant with protein A-Sepharose (Phar-
macia) and washed successively in phosphate-buffered saline containing 1%
Nonidet P-40 (NP-40) and 2 mM Na;VO, (three times), 100 mM Tris-HCI (pH
7.5) containing 500 mM LiCl and 2 mM Na3VO, (three times), and 10 mM
Tris-HCI (pH 7.5) containing 100 mM NaCl, 1 mM EDTA, and 2 mM Na;VO,
(twice). The pellets were resuspended in 50 ul of 10 mM Tris-HCI (pH 7.5)
containing 100 mM NaCl and 1 mM EDTA and were combined with 10 wl of 100
mM MnCl, and 10 pl of 2 pg of PI (Avanti) per pl sonicated in 10 mM Tris-HCl
(pH 7.5) containing 1 mM EGTA. The phosphorylation reaction was started by
adding 10 pl of 440 M ATP containing 30 p.Ci of [y-*>P]JATP (NEN DuPont).
After 10 min at 22°C, the reaction was stopped with 20 pl of 8 N HCI and 160
wl of CHCl3-methanol (1:1). The samples were centrifuged, and the lower or-
ganic phase was removed and applied to a silica gel thin-layer chromatography
(TLC) plate (Merck) which had been coated with 1% potassium oxalate. TLC
plates were developed in CHCl;-CH;0H-H,O-NH,OH (60:47:11.3:2), dried,
and visualized and quantified on a Molecular Dynamics Phosphorlmager.

PKB/akt kinase activity assay. 32D cell lines were starved for 4 h in serum-free
medium followed by stimulation with insulin (100 nM) for 30 min. Cells were
lysed (20 mM Tris [pH 7.4], 5 mM EDTA, 1% NP-40, Na,P,0,, 100 mM NaF,
2 mM Na;VO,, 1 mM phenylmethylsulfonyl fluoride [PMSF], 0.5 wM microcys-
tin, 10 pg of aprotinin per ml, 10 pg of leupeptin per ml), and cellular debris was
removed by centrifugation at 14,000 rpm. Following normalization for protein
levels, between 1.5 and 2.5 mg of total cellular protein was added to 20 pl of
Gamma Bind G Sepharose (Pharmacia Biotech, Piscataway, N.J.), which was
incubated with 3 pl of anti-rat akt-1 sheep polyclonal antibody (Upstate Biotech,
Inc., Lake Placid, N.Y.). Samples were incubated on a rocker at 4°C overnight,
and the immune complexes were washed three times in lysis buffer and twice in
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FIG. 1. (A) Schematic representation of the chimeric molecules used in this study showing the various domains and phosphorylation sites. TM, transmembrane
domain; 5Y region, amino acids (aa) 555 to 898 of wild-type IRS-1; 5F region, amino acids 555 to 898 of IRS-1 containing five Tyr—Phe substitutions. (B) Cell lysates
were separated by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with antibodies against the COOH terminus of the IR (aIR) or the NH, terminus
of IRS-1 (aIRS1) as described in Materials and Methods. (C, D, and E) The indicated cell lines were starved for 4 h, stimulated with 100 nM insulin (Ins) for 5 min,
and lysed as described in Materials and Methods. (C) Cell lysates directly resolved by SDS-PAGE and immunoblotted with aPY; (D) cell lysates immunoprecipitated
(IP) with aIRS1, separated by SDS-PAGE, and immunoblotted with aPY; (E) cell lysates immunoprecipitated (IP) with «IRS1 or aIR, separated by SDS-PAGE, and
immunoblotted with antiserum against p85 (top panel) or Grb-2 (bottom panel) as indicated. All results presented are representative of at least two separate

experiments.

kinase buffer (20 mM Tris [pH 7.4] 10 mM MgCl,, 1 mM dithiothreitol [DTT]).
The kinase reaction was prepared by adding 50 wl of 50 mM Tris [pH 7.4]
containing 10 mM MgCl,, 1 mM DTT, 5 uM ATP, and 1 pM protein kinase
inhibitor (Sigma) to each immunoprecipitate; the phosphorylation was initiated
by adding 10 nCi of [**P]JATP (NEN DuPont) containing 30 uM the PKB/akt-
specific substrate Crosstide (GRPRTSSFAEG; Upstate Biotech, Inc.). Samples
were incubated for 30 min at room temperature with gentle agitation. Reactions
were stopped by the addition of 10 pl of stop buffer (1% bovine serum albumin
[BSA], 1 mM ATP, 0.6% HCI), and the supernatant (20 wl) was spotted on
phosphocellulose paper (P81; Whatman, Hillsboro, Oreg.). The paper was dried,
washed four times in 75 mM phosphoric acid, once in acetone, dried, and
analyzed by Cerenkov counting (Beckman).

p70°° activity assay. Quiescent cells were stimulated for 30 min with 100 nM
insulin and collected as described above. The cells were lysed in ice-cold 10 mM
potassium phosphate-1 mM EDTA (pH 7.05) containing 0.5% NP-40, 5 mM
EGTA, 10 mM MgCl,, 50 mM glycerophosphate, 1 mM Na;VO,, 2 mM DTT,
0.1 mM PMSF, and 10 mg each of aprotinin and leupeptin per ml. Insoluble
material was removed by centrifugation at 10,000 X g for 10 min. Anti-p70%°*
antibodies were added for 2 h and collected on protein A-Sepharose beads for
1 h at 4°C. The immunoprecipitates were washed and incubated with [*?P]JATP
(final concentration, 50 mM; 20 mCi per reaction) containing 20 mg per reaction
as described (16, 43, 69). The reactions were stopped by the addition of 10 pl of
stop buffer (1% bovine serum albumin, 1 mM ATP, 0.6% HCI), and the super-
natant (20 ul) was spotted on phosphocellulose paper (P81; Whatman). The
paper was dried, washed four times in 75 mM phosphoric acid and once in
acetone, dried, and analyzed by Cerenkov counting (Beckman).

Cell replication. Insulin-stimulated cell replication was assayed in a Coulter
counter. 32D cell clones in log-phase growth were washed in calcium-magne-

sium-free PBS, collected by centrifugation, and resuspended in RPMI 1640
medium containing 10% FBS. Cells were distributed into each well of a 24-well
tray at 50,000 cells per well. The cells were treated in duplicate with IL-3 (5%
WEHI medium as the source of IL-3) or 100 nM insulin or with no addition.
After 24, 48, and 72 h, the entire contents of each well was diluted in saline and
measured in a Coulter counter, with the upper and lower limits set at 15 and 5 .,
respectively. The increase in cell number between 24 and 72 h was taken as the
insulin- or IL-3-stimulated cell growth. The results are reported as a ratio of
insulin-stimulated growth to IL-3-stimulated growth.

RESULTS

The function of chimeric IRs and truncated IRS-1 proteins.
We attached a region of IRS-1 (5Y region) that contains four
YMXM motifs and one YVNI motif to the COOH terminus of
the human IR B-subunit (Fig. 1A). This chimeric IR, which was
called IRSY, and a mutant receptor containing five Tyr—Phe
substitutions, which was called IRSF, were expressed to equal
levels in 32D cells (Fig. 1B). Insulin stimulated tyrosine phos-
phorylation of the wild-type IR and both chimeric receptors
(Fig. 1C).

The 5Y region resembles the COOH tail of the Drosophila
IR, which directly binds p85 and activates PI 3-kinase (71). As
expected, insulin recruited p85 to IR5Y, whereas IRSF and the
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TABLE 1. Summary of insulin-stimulated signaling, viability, and growth of 32D cell lines*
Relative insulin stimulation by the following assays’:
PI-3 K p70s0k PKB/Akt Cell
Transfectant® ERK . activation  activation FKB/ ak't . activation DNA synthesis ~ Antiapoptosis ~ Viability (MTT)  replication
hosphorylation hosphorylation
5100 f;MWS o (100 nM, (100 nM, p(log nery 0t (100nM, (100 nM, 48 h (100 nM, (010 100 nM, 0 (100 nM,
. > 5 min 30 min . 30 min [Fig. 3C]) 18 h [Fig. 4]) to48h[Fig.3]) 24to72h
[Fig. 2A]) - . 48 h [Fig. 2C]) . '
[Fig. 2B])  [Fig. 2F]) [Fig. 2E]) [Fig. 4])
—_— %k __*k _k — _k __k — — —
—/IRS1 —* —* —* NT NT —* —* —* NT
IR/— + — - - - — —/+ —/+ —
IR/IRS1 + +++ +++ +++4 +++ +++ +++ +++ +++
IR/PPSY + +++ +++ +++4 +++ +4++ +4++ ++ ++
IR/PPSF + - - +4¢ - — +++ + +
IR/PP + - - ++¢ - - +4++ + +
— /PP K —k _k NT _k — — — —
IRSY + +++ +++ +++4 +++ ++ -1 —/+ -
IR5F + - —/+ - - — —/+ —/+ -
IR5Y/PP NT NT NT NT NT NT — —* NT
IRSF/PP NT NT NT NT NT NT +++ +* NT

“ Summary of the biochemical, growth, and survival assays for 32D cells expressing the IRS-1-derived, truncated substrates and chimeric IRs indicated (see Fig. 1

for details).

® Concentrations of insulin and times of stimulation are indicated in parentheses, with the figures used to compile these data indicated in brackets. The relative
response in each cell type is compared qualitatively to the response in 32D'™® cells. +, Magnitude of stimulation in 32D'R cells; —, no response as observed in 32D cells;
++ and +++, stimulation greater than that observed in 32D'® cells; —1, negative response; NT, not tested; *, data not shown in this paper.

< Absence (—) or presence of indicated isoforms. —/—, parental 32D cells; —/IRS1, wild-type IRS-1; IR/IRS1, wild-type IR/IRS-1; IR/PP5Y, wild-type IR/truncated
IRS-1; IR/PPSF, wild-type IR/truncated IRS-1 with Tyr-to-Phe point mutations in PI 3-K binding region; IR/PP, wild-type IR/PH-PTB domains of IRS-1; —/PP,
PH-PTB domains of IRS-1 only; IR5Y, chimeric IR containing PI 3-K and Grb2 binding regions of IRS-1; IR5F, chimeric IR containing PI 3-K and Grb2 binding
regions of IRS-1 with Tyr-to-Phe point mutations; IRSY/PP, chimeric IR containing PI 3-K and Grb2 binding regions of IRS-1/PH-PTB domains of IRS-1; IRSF/PP,
chimeric IR containing PI 3-K and Grb2 binding regions of IRS-1 with Tyr-to-Phe point mutations/PH-PTB domains of IRS-1. See text for complete description of

isoforms.
4 Phosphorylation was maintained for longer than 60 min.
¢ Phosphorylation at 2 to 60 min.

wild-type human IR did not bind p85 (Fig. 1E). Unlike the
Drosophila 1R tail, the 5Y region of IRS-1 also contains a
YVNI motif that binds Grb2 during insulin stimulation. As
expected, IR5Y recruited Grb-2 during insulin stimulation,
whereas IRSF did not bind Grb2 (Fig. 1E). Thus, the 5Y region
and the 5F region displayed the expected function when at-
tached to the COOH terminus of the IR B-subunit.

The COOH-terminal tail was removed from IRS-1 to con-
struct the PP domain, which contains the first 309 amino acid
residues of IRS-1, including the PH and PTB domains (Fig.
1A). In addition, the 5Y region or the 5F region was attached
to the PP domain to create truncated IRS-1 proteins, called
PP5Y or PPSF, respectively (Fig. 1A). 32D cells expressing the
human IR (32D™®) were transfected, and cell lines that ex-
pressed equal amounts of IRS-1, PPSY, PP5F, or PP domain
were selected by immunoblotting with an antibody against the
PH domain (Fig. 1B). During insulin stimulation, IRS-1 or
PP5Y was tyrosine phosphorylated, whereas PPSF and PP do-
main were not (Fig. 1C and D). Consistent with these results,
PP5Y bound p85 and Grb-2, whereas PPSF and the PP domain
did not recruit these signaling proteins (Fig. 1E). Thus, the 5Y
region behaved as predicted when it was attached to the PP
domain of IRS-1 (Table 1).

MAP kinase phosphorylation by the chimeric IRs and trun-
cated IRS-1 proteins. Previous reports show that insulin stim-
ulates the ERK-MAP kinase cascade in 32D™ cells through
tyrosine phosphorylation of Shc and its association with Grb2,
which stimulates ERK1 and ERK2 (45). Shc phosphorylation
occurs independently of IRS proteins, so the inclusion of the
5Y region in the COOH terminus of the IR or expression of
the PP domain with the IR should be unnecessary for ERK1 or
ERK2 activation in 32D cells. The activation of ERK1 and
ERK2 was detected with a specific antibody that recognizes a
pair of phosphorylated residues, Thr?*? and Tyr?**, in the ac-

tive enzyme (see Materials and Methods). Insulin-stimulated
phosphorylation of ERK1 and ERK2 in all of the 32D cell lines
expressing the wild-type or chimeric IRs (Fig. 2A), which was
consistent with our previous results (45).

Regulation of the PI 3-kinase cascade by the chimeric IRs
and truncated IRS-1 proteins. The activation of PI 3-kinase
was measured in p85-specific immunoprecipitates as previously
described (46). Without IRS-1, the IR failed to mediate insu-
lin-stimulated PI 3-kinase activity in 32D™ cells. By contrast,
cells expressing IRS-1 displayed strong activation of PI 3-ki-
nase (Fig. 2B). Consistent with the ability of insulin to stimu-
late the association of p85 with IR5Y in 32D cells, insulin also
stimulated PI 3-kinase activity in p85 immunoprecipitates from
these cells (Fig. 2B). However, IRSF was ineffective, since it
did not engage p85 (Fig. 1E and 2B). Similarly, the PP domain
or PP5F expressed in 32D™ cells did not mediate activation of
PI 3-kinase during insulin stimulation (Fig. 2B). These results
support the hypothesis that association of p85 with phosphor-
ylated YMXM motifs, which are ordinarily located in the tail
of IRS-1 or alternatively in the tail of IRS5Y, is a principal
mechanism to activate PI 3-kinase during insulin stimulation
(8, 52).

Several studies indicate that PI 3-kinase is an upstream me-
diator of several serine kinases, including PDK1, PKB/akt, and
p70°° (2, 3, 17, 20, 43). PKB/akt is activated in part by phos-
phorylation of Thr**® by PDK1 and Ser*”® by an unknown
kinase; both phosphorylation events are sensitive to wortmanin
treatment, suggesting that products of the PI 3-kinase are
involved (2). Immunoblotting with an antibody that recognizes
phosphorylated Ser*”? revealed that insulin did not stimulate
phosphorylation of Ser*” in 32D cells or in 32D cells express-
ing the IR (Fig. 2C). However, expression of IRS-1 or PP5Y in
32D'® cells promoted phosphorylation of Ser*’?, which per-
sisted strongly during the first hour of insulin stimulation and
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FIG. 2. The indicated 32D cell lines were incubated without IL-3-containing WEHI medium for 4 h, stimulated with 100 nM insulin for the indicated time intervals,
and lysed as described in Materials and Methods. (A) Cells were stimulated with insulin (Ins) for 5 min, lysed, separated by SDS-PAGE, transferred to nitrocellulose,
and immunoblotted with phosphospecific ERK antibodies (New England Biolabs, model no. 9105S). Similar results were observed in two separate experiments. (B)
Cells were stimulated with insulin (Ins) for 5 min, and lysates were subjected to immunoprecipitations with p85-specific antisera. Each immune complex was assayed
for PI 3-kinase activity as described in Materials and Methods. The results are representative of three separate experiments. (C) Cells were starved for 4 h and
stimulated with 100 nM insulin for the indicated time intervals. Lysates were immunoblotted directly with phosphospecific PKB/akt antibody and detected by enhanced
chemiluminescence. (D) PKB/akt kinase activity in immunoprecipitates prepared with a general PKB/akt antibody (UBI) was measured as described in Materials and
Methods. Data are the averages *+ standard deviations of triplicate determinations obtained in three separate experiments. (E) PKB/akt phosphorylation was measured
as described for panel C, but the cells were treated with 10 wM LY294002 for 30 min before 100 nM insulin (Ins) stimulation. (F) The activity of p70°® and its migration
during SDS-PAGE in the indicated cell lines were measured following 30 min of insulin stimulation (100 nM). Lysates were separated by SDS-PAGE, transferred to
nitrocellulose, and immunoblotted with anti-p70°°%. Kinase activities are the averages *+ standard deviations of triplicate determinations. Identical results were obtained

in two separate experiments.

which in the case of IRS-1 was still detected 24 h later (Fig.
2C). IR5Y also mediated Ser*”? phosphorylation during insulin
stimulation, but the intensity was slightly reduced compared to
IRS-1, and phosphorylation was not observed at 24 h (Fig. 2C);
IRSF was ineffective. Unexpectedly, PKB/akt was phosphory-
lated in 32D™ cells expressing PP domain or PP5F. This phos-
phorylation reached maximal levels after 10 min of insulin
stimulation but decreased by nearly 80% after 30 min and was
close to the basal level at 60 min; it was not detected after 24 h
of insulin stimulation (Fig. 2C).

To investigate whether phosphorylation of PKB/akt on
Ser*”? correlates with its activity, the phosphorylation of Cross-
tide (GRPRTSSFAEG) was measured in PKB/akt immuno-
precipitates following 30 min of insulin stimulation. Consistent
with the detection by immunoblotting of Ser*”? phosphoryla-
tion, PKB/akt was strongly stimulated by insulin in 32D'® cells
expressing IRS-1 or PP5Y or in 32D cells expressing IR5Y
(Fig. 2D). By contrast, expression of the wild-type IR or IRSF
alone did not mediate insulin-stimulated PKB/akt activation.

These results are consistent with their inability to bind and
activate PI 3-kinase (Fig. 2D). Similarly, activation of PKB/akt
was not detected 30 min after insulin stimulation of 32D™ cells
expressing PP domain and was not significantly activated in
32D™ cells expressing PP5F (Fig. 2E). Interestingly, variable
activation of PKB/akt was detected 10 min after insulin stim-
ulation in 32D'™® cells expressing PP domain or PPSF, which
corresponded to the time of maximal Ser*”* phosphorylation
(data not shown).

Considerable evidence suggests that products of PI 3-kinase
mediate activation of PKB/akt (2a). Thus, activation of PKB/
akt by insulin in 32D™ cells expressing PP domain was unex-
pected, because insulin-stimulated PI 3-kinase activity was not
detected (Fig. 2B and C). However, basal activity of PI 3-ki-
nase may be sufficient to facilitate transient phosphorylation of
Ser*”. This possibility was tested by a 30-min pretreatment of
the cells with 5 wM LY294002, which inhibits PI 3-kinase
activity (15). L'Y294002 inhibited insulin-stimulated phosphor-
ylation of PKB/akt (Ser*”?) in 32D'™® cells expressing IRS-1,
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PP5Y, or IRSY (Fig. 2E), consistent with previous data from
other systems with another PI 3-kinase inhibitor, wortmanin
(2). However, L'Y294002 also inhibited phosphorylation of the
PKB/akt in 32D™® cells expressing the PP domain or PP5F
(Fig. 2E). These results suggest that basal products of PI 3-ki-
nase may be required for insulin-stimulated PKB/akt phos-
phorylation even though PI 3-kinase was not activated in these
cells. Alternatively, another kinase regulated through the PP-
domain may be inhibited by LY294002.

Activation of p70°®* by the chimeric IRs and truncated
IRS-1 proteins. Many reports demonstrate that the activation
of p70°°* is controlled by multistep phosphorylation mediated
by both wortmanin- and rapamycin-sensitive pathways (6). Pre-
vious experiments with 32D™® cells expressing IRS-1 suggest
that activation of PI 3-kinase is required for activation of
p70°°* kinase (43). Moreover, both PDK1 and PKB/akt have
been implicated in the phosphorylation of some of the regu-
latory sites of p70°°* (4, 29, 54). Recent experiments demon-
strate that the enzymatic activity of p70°®* requires phosphor-
ylation of both Thr**? and Thr*'? and that significant in vivo
activation correlates with the phosphorylation of Thr*'? (66).
Moreover, activation of p70°°* correlates with retarded migra-
tion during SDS-PAGE (66). Insulin-stimulated activation of
p70°° in the various 32D cell lines was assessed in specific im-
munoprecipitates with a synthetic peptide substrate (RRRLS
SLRA) (48). Insulin did not stimulate p70*°* activity or retard
the migration of p70°** during SDS-PAGE in 32D or 32D'™®
cells; however, expression of IRS-1 or PP5Y in 32D™ cells
promoted p70°°* activation during insulin stimulation. In these
cells, the migration of p70°°* during SDS-PAGE was retarded,
which was consistent with multisite phosphorylation (Fig. 2F).
Moreover, p70°°* was strongly activated in 32D cells expressing
IRSY, which was consistent with the strong activation of PI
3-kinase and PKB/akt. Consistent with a lack of detectable
activation of PI 3-kinase by insulin, the activity and migration
of p70°°* in 32D'® cells expressing the PP domain or PP5F or
in 32D cells expressing IRSF were barely changed (Fig. 2F).

Viability of IL-3-deprived 32D cells during insulin stimula-
tion. 32D cells require IL-3 for survival and replication, and
removal of IL-3 causes rapid death by apoptosis (9, 37). Pre-
vious work demonstrates that the expression of both the IR
and IRS-1 promotes long-term growth of IL-3-deprived 32D
cells during insulin stimulation (43, 63). We used the MTT
assay to determine the viability of transfected 32D cells during
IL-3-deprivation. This assay measures the activity of a mito-
chondrial reductase, which is fully dependent on cell viabil-
ity (42). Consistent with previous results, insulin-stimulated
32D'™® cells were barely viable 48 h after removal of IL-3 (Fig.
3A and B). By contrast, insulin-stimulated 32D™ cells express-
ing either IRS-1 or PP5Y were viable during this interval, with
IRS-1 mediating the strongest and most sensitive response to
insulin (Fig. 3B). During the first 24 h without IL-3, insulin
increased viability of 32D cells expressing IR5Y or IRSF to a
slightly greater extent than that observed with the wild-type IR;
however, this response was lost after 48 h. Unexpectedly, IL-
3-deprived 32D'® cells expressing the PP domain or PPSF were
remarkably viable after 48 h with 100 nM insulin (Fig. 3A and
B). As expected, 32D™ cells expressing PP5SY were more sen-
sitive to insulin, suggesting that activation of PI 3-kinase by
IRS proteins enhanced the sensitivity of the response (Fig.
3B).

Although the PP domain did not mediate the stimulation of
PI 3-kinase during insulin stimulation, basal PI 3-kinase activ-
ity may be required for the viability of IL-3-deprived 32D cells.
To investigate this possibility, 32D cells were treated with
LY294002 during insulin stimulation. LY294002 (5 wM) inhib-
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ited the insulin-stimulated viability of 32D™ cells expressing
IRS-1 by 50% (Fig. 3C). Interestingly, it also decreased by 50%
the viability of 32D'® cells expressing PP domain. By contrast,
it had no effect on 32D cells expressing either the IR or IRSY,
since these cells display little viability. These results suggest
that PI 3-kinase may contribute to the insulin-stimulated via-
bility of IL-3-deprived 32D™® cells expressing the PP domain,
even though PI 3-kinase was not activated. This result may also
reflect the inhibition of PKB/akt phosphorylation or the inhi-
bition of an unknown kinase (Fig. 2E).

DNA synthesis in IL-3-deprived 32D cells during insulin
stimulation. Our previous results suggest that 32D cells display
robust insulin-stimulated DNA synthesis, which is mediated at
least partially by stimulation of PI 3-kinase (41, 46). Consistent
with these results, IRS-1 or PP5Y mediated DNA synthesis
and increased the number of viable 32D™® cells during insulin
stimulation (Fig. 3D). However, in 32D™® cells expressing the
PP domain, insulin-stimulated (100 nM, 48 h) DNA synthesis
was not detected during the 2-h [*H]thymidine pulse, even
though these cells were viable under these conditions (Fig.
3D). The discordance between DNA synthesis and cell viability
was further emphasized by the finding that IRSY mediated
detectable insulin-stimulated DNA synthesis, although these
cells had low viability; IRSF did not promote insulin-stimu-
lated DNA synthesis in 32D cells (Fig. 3D). Together, these
results suggest that insulin-stimulated DNA synthesis required
activation of PI 3-kinase, through association either with PPSY
or IRS-1 or with IR5Y. By contrast, long-term viability during
insulin stimulation required expression of the PP domain and
was most sensitive to insulin when PI 3-kinase was recruited
directly to the PP domain by the 5Y region in PPSY or intact
IRS-1.

Cell replication and apoptosis. Since the regulation of cell
number is determined by the relative rates of cell division and
cell death, we examined the ability of the chimeric receptors
(IRSY and IRS5F) and truncated IRS-1 proteins (PP, PP5Y,
and PP5F) to inhibit apoptosis and to stimulate the replication
of IL-3-deprived 32D cells. Apoptosis was assessed by detect-
ing DNA fragmentation, a diagnostic characteristic of apopto-
tic cells (70). 32D cells begin to undergo spontaneous apopto-
sis within 8 to 12 h after IL-3-withdrawal (9, 37). After 18 h
without IL-3, the DNA extracted from 32D cells was frag-
mented in a pattern typical of apoptosis, whereas fragmenta-
tion was completely absent when cells were incubated in IL-3-
containing medium (Fig. 4A, lanes a to c). The addition of
insulin weakly but reproducibly inhibited apoptosis in IL-3-
deprived 32D'® cells, whereas insulin was as effective as IL-3 in
32D'™® cells expressing IRS-1 (Fig. 4A, lanes d to f). The rep-
lication of 32D™ cells expressing IRS-1 was increased equally
during insulin or IL-3 stimulation, which was consistent with
the strong inhibition of apoptosis and stimulation of DNA
synthesis (Fig. 4B).

In the absence of IL-3, 32D™® cells expressing PP domain,
PP5Y, or PP5F were viable during insulin stimulation (100
nM), suggesting that apoptosis was suppressed. This prediction
was confirmed by the DNA fragmentation assay (Fig. 4A).
These truncated IRS-1 proteins also promoted an increase in
the number of 32D™ cells, although not as rapidly as wild-type
IRS-1 (compare Fig. 3C and 4B). Insulin did not suppress
apoptosis in IL-3-deprived 32D cells expressing IRSY, al-
though PI 3-kinase cascade was activated (Fig. 4A, lanes g to i).
Moreover, IRSY lacked the weak inhibition of apoptosis ordi-
narily observed with the wild-type IR, and IL-3 did not com-
pletely block apoptosis in these cells (Fig. 4A, compare lanes b
and h). By contrast, insulin weakly inhibited apoptosis of 32D
cells expressing IRSF, and, as expected, IL-3 completely inhib-
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FIG. 3. Viability and DNA synthesis in 32D cell lines were measured. Insulin-stimulated cell viability was measured by the MTT assay and compared with the
viability of the cells incubated with IL-3-containing WEHI medium (%IL3). The standard deviation for each point was less than 5% in all cases, and the bars were
omitted for clarity. (A) Time course of cell viability during 100 nM insulin stimulation in the absence of IL-3. (B) Dose response of insulin-stimulated viability 48 h
after removal of IL-3. The results represent at least five independent experiments. (C) The effect of LY294002 on 100 nM insulin-stimulated viability 48 h after IL-3
withdrawal. The results represent two independent experiments, and data are expressed relative to the viability of cells incubated without LY294002 and with IL-3. (D)
The indicated cell lines were analyzed for insulin-stimulated DNA synthesis by [*H]thymidine incorporation. The values represent a 2-h pulse or [*H]thymidine
incorporation accumulated after 48 h of insulin stimulation of IL-3-deprived cells. The results are compared with the viability of the cells determined in parallel by the
MTT assay. The results are expressed as percentages of incorporation obtained with cells incubated continuously with IL-3.

ited apoptosis (Fig. 4A, lanes i and 1). These results suggest
that recruitment of PI 3-kinase directly to the IR activated an
apoptotic pathway that was not inhibited by activation of PI
3-kinase-dependent pathways, including PKB/akt.

Since the PP domain inhibited apoptosis and IR5SY-medi-
ated DNA synthesis, we tested whether together they promote
survival and proliferation of IL-3-deprived 32D cells during
insulin stimulation. However, IR5Y promoted apoptosis of
32D cells expressing the PP domain, supporting the idea that
activation of PI 3-kinase by association with IR5Y activates an
apoptotic pathway (Fig. 4C). Consistent with these results, 32D
cells expressing IRSY and the PP domain were not viable in
the MTT assay (data not shown). Thus, survival and growth by
insulin required expression of the PP domain and were most
sensitive to insulin when PI 3-kinase was recruited to PPSY or
IRS-1. By contrast, recruitment of PI 3-kinase to IR5Y pro-
moted apoptosis.

DISCUSSION

A large body of work supports the hypothesis that activation
of PI 3-kinase is a critical first step to inhibit apoptosis during
insulin and IGF-1 stimulation and stimulation by a variety of
other growth factors and cytokines (26, 38, 65). PI 3-kinase

mediates the activation of many cellular processes, in part
through the serine/threonine kinases including PDK1 and
PKB/akt, atypical PKC isoforms, and p70°°* (2, 3, 17, 20, 41,
43). One well-defined antiapoptotic pathway in neuronal sys-
tems proceeds through PI 3-kinase to PDK1 and PKB/akt and
ultimately to the phosphorylation of the bcl2 family member
BAD (3, 21, 22). IRS proteins are important because their
association with p85/p55 is the principal mechanism through
which insulin and IGF-1 activate PI 3-kinase (41, 43, 49). Our
results are important because they reveal a unique aspect of
IRS1-mediated PI 3-kinase activity that may not be shared by
other mechanisms. Activation of PI 3-kinase without IRS-1
through the chimeric mammalian IRs or the Drosophila IR
(71) does not inhibit apoptosis in IL-3-deprived 32D™ cells
(Table 1). Moreover, the PH and PTB domains of IRS-1 ap-
pear to regulate signaling pathways that inhibit apoptosis; how-
ever, the intensity of these signals may be increased by IRS-1-
mediated PI.3-kinase but not by IRSY-mediated PI 3-kinase
activity (Table 1). These novel IRS protein signaling pathways
may be essential for development, since disruption of both
IRS-1 and IRS-2 in mice is embryonic lethal (67).

To explore the role of IRS-1 in the survival and growth
responses of insulin, we constructed a series of truncated IRS-1
proteins or chimeric IRs and analyzed them in 32D'™® cells.
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32D cells are ideal for these experiments, since they undergo
apoptosis shortly after IL-3 withdrawal and they do not contain
detectable levels of IR or IRS proteins (63, 73). The chimeric
IRs (IR5Y and IRSF) are similar to the Drosophila IR, since it
contains an ~400-residue IRS-1-derived tail with four tyrosine
phosphorylation sites that bind p85 and one that binds Grb-2
(71). Our results with 32D cells expressing the chimeric IR5Y
indicate that insulin stimulation of the PI 3-kinase cascade
without IRS-1, including p70°®* and PKB/akt, is not sufficient
to prevent apoptosis during IL-3 withdrawal. Apparently, the
rate of cell death is more rapid than the rate of cell growth,
even though DNA synthesis is stimulated. These results sug-
gest that IRS-1-independent activation of the MAP kinase and
PI 3-kinase cascades is not sufficient to inhibit apoptosis of
IL-3-deprived 32D cells during insulin stimulation.
Interestingly, IRS5Y is less antiapoptotic than the wild-type
IR expressed without IRS-1 in 32D cells. Moreover, 32D cells
expressing IRSY display a low level of apoptosis even in the
presence of IL-3. This phenotype apparently arises from phos-
phorylation of the p85-binding sites in the IRS-derived tail.
Accordingly, mutation of the COOH-terminal tyrosines to
phenylalanine in IRSF eliminates apoptosis, which persists
during IL-3 stimulation, and restores the moderate insulin-
stimulated protection from apoptosis observed in cells express-
ing the wild type IR. This result may be related to recent
findings in Caenorhabditis elegans. The C. elegans IR (DAF-2)
is similar to the Drosophila IR and IR5Y, since it contains a
COOH-terminal extension that has PI 3-kinase binding sites
(28, 62). Decreases in DAF-2 signaling induce metabolic and
developmental changes, which increase the life span of C. el-

egans. Thus, by analogy with our results with 32D cells, recruit-
ment of PI 3-kinase to DAF-2 may reduce the life span of C.
elegans by promoting apoptosis.

Activation of PI 3-kinase may not be essential to inhibit
apoptosis of IL-3-deprived 32D™ cells during insulin stimula-
tion. This unexpected conclusion arises from observations with
32D™ cells expressing the PP domain. The PP domain is com-
posed of the first 309 amino acid residues of IRS-1, which lacks
all of the COOH-terminal tyrosine phosphorylation sites of
IRS-1. The PP domain is not tyrosine phosphorylated during
insulin stimulation and does not activate PI 3-kinase assayed in
p85 immunoprecipitates (Table 1). However, the PP domain
inhibits apoptosis of IL-3-deprived 32D™ cells during insulin
stimulation, suggesting that activation of the PI 3-kinase is not
required. Similar results are observed in 32D'® cells expressing
PP5F and a tyrosine phosphorylation-deficient (IRS1*'®) ver-
sion of full-length IRS-1 (data not shown). The sensitivity of
antiapoptosis to insulin in these cells is low, so activation of PI
3-kinase through PP5Y or IRS-1 clearly facilitates the insulin
response by increasing insulin sensitivity; the sensitization to
insulin may arise through the recruitment of kinases, including
PDKI1, PDK2, PKB/akt, and others essential to the plasma
membrane by products of PI 3-kinase.

IRS5Y may promote apoptosis because it activates the PI
3-kinase cascade without engaging signaling pathways regu-
lated by the PP domain of IRS-1. Coexpression of both the
chimeric IR5Y receptor and the PP domain also fails to inhibit
apoptosis or to mediate cell replication, indicating that to-
gether they cannot reconstitute the full function of IRS-1 or
PP5Y. In contrast, cells coexpressing the PP domain and the
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chimeric IRSF display the same viability observed with the PP
domain and the wild-type IR. Thus, the apoptotic stimulus
observed with IR5Y is due to the IRS-1-derived tyrosine phos-
phorylation sites and blocks the protective effects of the PP
domain. By contrast, activation of PI 3-kinase by IRS-1 or
PP5Y promotes survival and replication. This difference may
be due to distinct compartmentalization; however, an exact
explanation is unclear, since similar kinases are activated in
each case.

Our results suggest that novel phosphotyrosine-independent
signaling pathways may be regulated by the PP domain. The
nature of the signaling pathways remains unknown but may
include serine/threonine kinases that associate with the PH
domain or the PTB domains. Interestingly, LY294002, a spe-
cific inhibitor of PI 3-kinase, reduces the insulin-stimulated
viability of IL-3-deprived 32D™ cells expressing either IRS-1
or the PP domain. The 50% effective dose (EDs,) for this
effect of L'Y294002 is approximately 5 wM, which is compara-
ble to the K; for inhibition of PI 3-kinase activity (15). Thus,
activation of PI 3-kinase may increase the sensitivity of the IR,
whereas the inhibition of apoptosis requires other pathways
mediated by the PP domain that depend on low levels of PI
3-kinase products.

The hypothesis that the PP domain regulates signaling path-
ways is supported by the finding that insulin transiently stim-
ulates PKB/akt phosphorylation in 32D™ cells expressing the
PP domain or PPSF. PKB/akt contains two regulatory phos-
phorylation sites, Thr*®® and Ser*”?, and phosphorylation of
both sites is required for activity (2). Thr’®® is phosphorylated
by PDK1, whereas Ser*” is phosphorylated by an unidentified
kinase. Both kinases are thought to also require PI 3-kinase for
activity, since phosphorylation of both sites is sensitive to the
PI 3-kinase inhibitor wortmanin (3). Consistent with these
results, Ser*”® of PKB/akt is strongly phosphorylated in all 32D
cell lines in which insulin stimulates PI 3-kinase, including
those expressing IRSY, or the IR and IRS-1; as expected, the
wild-type IR alone or IRSF fails to mediate this response.
Surprisingly, expression of the PP domain or PPSF with the IR
mediates a strong but transient phosphorylation of PKB/akt. In
all cases, this insulin-stimulated phosphorylation is inhibited by
5 uM LY294002. Thus, low levels of PI 3-kinase products may
mediate transient insulin-stimulated PKB/akt phosphorylation.
However, this mechanism predicts the existence of unique
pathways that are regulated by the PP domain. Undoubtedly,
activation of PI 3-kinase contributes to the sustained activation
of PKB/akt by ensuring that essential components are re-
cruited to the plasma membrane. Although prolonged phos-
phorylation of Ser*”? correlates with sustained activation of
PKB/akt, it is not required for antiapoptosis mediated by the
PP domain and does not inhibit apoptosis of cells expressing
chimeric IRSY.

p70°°* is another important downstream effector in the PI
3-kinase pathway. This serine/threonine kinase is activated by
insulin and other cytokines and is critical for many cellular
responses, including protein synthesis and cell cycle progres-
sion (6). It is regulated by multiple phosphorylation events
mediated by several distinct kinases through wortmanin and
rapamycin-sensitive pathways. Recent work demonstrates that
significant activation of this enzyme requires the phosphoryla-
tion of Ser*? and Thr*'? and that these phosphorylation events
are sensitive to the PI 3-kinase inhibitor wortmanin (65). Ser*>?
is phosphorylated in vitro by PDK1 (3). In vivo, activation of
p70°°* correlates most closely with phosphorylation of Thr*'2,
which is catalyzed by an unknown kinase. Our results are
consistent with the hypothesis that activation of PI 3-kinase is
required to mediate significant and sustained insulin-stimu-
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lated p70°°* in 32D cells; however, weak activation of p70°°* is
consistently detected in 32D™ cells expressing the PP domain
or PP5F. Since strong sustained phosphorylation of p70*°* does
not occur in 32D™® cells expressing the PP domain, it may not
play an important role in the inhibition of apoptosis or repli-
cation of these cells during long-term insulin treatment.

Experiments with 3T3-L1 cells indicate that insulin mediates
novel signaling pathways that are independent of IRS-1 ty-
rosine phosphorylation and MAP kinase activation (55). This
hypothesis is based on hyperexpression of the PTB domain of
IRS-1 in 3T3-L1 adipocytes, which inhibits tyrosine phosphor-
ylation of endogenous IRS proteins (55). During this experi-
ment, insulin-stimulated activation of PI 3-kinase and p70°°*
was completely blocked, whereas PKB/akt activation and 2-de-
oxyglucose uptake persisted. These results suggest that alter-
nate IRS-1-independent pathways regulate a subset of insulin’s
bioeffects (55, 56). Our results are consistent with these earlier
findings but suggest that the tyrosine phosphorylation-inde-
pendent signals may be dependent on the PH and PTB do-
mains of IRS-1 but continue to occur through IRS-1.

In summary, our results indicate that activation of the PI
3-kinase pathway, including PKB/akt and p70°°%, by IRS-1-
derived phosphorylation sites at the COOH terminus of the
insulin receptor (IRSY) does not inhibit apoptosis during in-
sulin stimulation. Moreover, association of PI 3-kinase with the
IR may promote apoptosis. In contrast, 32D™ cells expressing
the PP domain are fully protected by insulin from apoptosis
during IL-3 withdrawal and display a moderate level of repli-
cation. Thus, activation of PI 3-kinase and p70°°* is not re-
quired for this response. It is not clear how the PP domain
mediates the antiapoptotic signal, but the transient activation
of a serine/threonine kinase which phosphorylates Ser*”® of
PKB/akt may provide a clue.
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