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In the present study, we investigated the potential role of insulin-like growth factor I (IGF-I) receptor
(IGF-IR) in cell proliferation by overexpressing it in 32D myeloid progenitor cells. The overexpression of
IGF-IR caused the transfectants to proliferate in response to IGF-I in the absence of insulin receptor substrate
(IRS) expression. The activation of overexpressed wild-type IGF-IR, but not that of an ATP-binding mutant of
IGF-IR, resulted in the increased tyrosine phosphorylation of several intracellular proteins, including SHC,
Src homology 2-containing inositol-5-phosphatase, protein kinase C-d, and Erk2. Grb2 association with SHC
and mitogen-activated protein kinase (MAPK) activity was also enhanced in response to IGF-I stimulation.
Interestingly, the stimulation of the IGF-IR transfectants with interleukin 4 (IL-4) also resulted in strong
mitogenesis independent of IRS expression. Moreover, IGF-I and/or IL-4 induced long-term cell growth of the
IGF-IR transfectants. IL-4 was able to synergize with IGF-I for DNA synthesis, even in the parental 32D cells
and a pro-B-cell line, Baf3, indicating the physiological importance of the two growth factors in hematopoietic
cell proliferation. IL-4 stimulation of the IGF-IR transfectants resulted in enhanced tyrosine phosphorylation
of SHC, Erk2, and signal transducer and activator of transcription 6 (STAT6) proteins. Both IL-4 and IGF-I
were able to induce c-myc early response gene expression, and this expression was maximal in the presence of
both factors. Finally, we demonstrated that a MAPK kinase inhibitor was able to suppress mitogenesis of the
IGF-IR transfectants in response to IGF-I and/or IL-4. Together, our results suggest that IL-4 synergizes with
IGF-I for hematopoietic cell proliferation, likely through cross talk between SHC/Grb2/MAPK and STAT6
pathways and through c-myc gene up-regulation.

Insulin-like growth factor I (IGF-I) receptor (IGF-IR) is a
type II receptor protein-tyrosine kinase and has approximately
70% sequence homology with the insulin receptor (IR) (41,
42). The binding of IGF-I to IGF-IR activates the intrinsic
tyrosine kinase, resulting in receptor autophosphorylation and
the presentation of suitable binding sites for substrates con-
taining either Src homology 2 (SH2) or phosphotyrosine bind-
ing (PTB) domains (3). The phosphorylated tyrosine residue
950 within the juxtamembrane domain of the IGF-IR b chain
has been defined as the major interacting site for SHC and
insulin receptor substrate 1 (IRS-1) and IRS-2 binding through
their respective PTB domains (12, 14, 15, 30). Tyrosine phos-
phorylation of SHC and IRS molecules by the activated recep-
tor subsequently stimulates downstream signaling molecules.
While SHC activation has been directly linked to the Grb2/
SOS/Ras/Raf/mitogen-activated protein kinase (MAPK) ki-
nase (MEK)/MAPK cascade (7, 11), tyrosine phosphorylation
of IRS molecules within different motifs is responsible for
recruiting many signaling molecules and for their subsequent
activation (47, 48). For example, the p85 subunit of phospha-
tidylinositol 39 kinase (PI 39K), protein tyrosine phosphatase
1D, Grb2, Lyn, and Nck have been shown to interact with
tyrosine-phosphorylated IRS molecules through their respec-

tive SH2 domains. The activation of SHC/Grb2/SOS/Ras/Raf/
MEK/MAPK and IRS/PI 39K/Akt/p70S6K cascades has been
implicated in IGF-IR signal transduction, leading to cell pro-
liferation, differentiation, antiapoptosis, and tumor develop-
ment (3).

Although the IR has great similarity to IGF-IR and most
substrates are phosphorylated to a similar extent in response to
both insulin and IGF-I stimulation, the biological responses
resulting from the activation of these two receptor tyrosine
kinases differ greatly (4). While stimulation of the IR pathway
is mainly involved in glucose metabolism, the activation of
IGF-IR is implicated in cell proliferation and transformation.

Using the 32D myeloid progenitor cell line as a model sys-
tem, our group and others have previously attempted to
understand the signal transduction of the IR leading to mito-
genesis. The interleukin 3 (IL-3)-dependent 32D cells endog-
enously express the IR but lack the expression of IRS-1 and -2
molecules (40, 45). While the overexpression of the IR alone
did not induce significant mitogenesis in response to insulin,
the coexpression of the IR with either IRS-1 or IRS-2 rendered
these double transfectants fully mitogenic in response to insu-
lin (40, 45). Moreover, when the IL-4 receptor (IL-4R), a
member of the cytokine receptor subfamily which lacks the
intrinsic tyrosine kinase activity in its intracellular region (18),
was coexpressed with IRS molecules in 32D cells, full mito-
genesis was induced in response to IL-4 stimulation (45). On
the other hand, ectopic expression of IRS-1 or -2 in 32D cells
was not able to mediate mitogenesis in response to IL-4 or
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insulin (40, 45). These results clearly suggest that the overex-
pressed IR and IL-4R are able to utilize the IRS signaling
pathway to initiate cell proliferation in the hematopoietic cell
background (40, 43, 45).

Although IGF-IR has been demonstrated to be very critical
for mitogenesis and cell transformation of cells of fibroblast
origin (2, 3), its role in hematopoietic cell proliferation has not
been thoroughly investigated. In this study, we overexpressed
IGF-IR in 32D cells in order to test its potential role in my-
eloid proliferation. Our results showed that the IGF-IR trans-
fectants were able to initiate DNA synthesis not only in re-
sponse to IGF-I but also to IL-4 in the absence of IRS
expression and activation. Furthermore, these two growth fac-
tors mediated long-term cell growth of the IGF-IR transfec-
tants. IL-4 synergized with IGF-I to initiate DNA synthesis in
both naive 32D and Baf3 hematopoietic cell lines. While PI
39K activation appeared not to be involved in IGF-I- and
IL-4-induced mitogenesis, stimulation of the SHC/Grb2/
MAPK cascade was shown to play a pivotal role in both IGF-I-
and IL-4-induced mitogenesis. Finally, c-myc gene up-regula-
tion and enhanced SHC, Erk2, and signal transducer and ac-
tivator of transcription 6 (STAT6) tyrosine phosphorylation
correlated with IL-4-induced proliferation of the IGF-IR
transfectants.

MATERIALS AND METHODS

Cell culture, transfection, and cDNAs. 32D and Baf3 hematopoietic cells were
maintained in RPMI 1640 media containing 15% fetal calf serum (FCS) and 5%
WEHI-3 cell culture supernatant as the source of IL-3. Transfection of different
cDNAs into 32D cells has been previously described (27). The cloning of wild-
type (WT) IGF-IR and NM1, a truncation mutant of IGF-IR, into pMEX vector
was previously reported (17, 25, 26). The construction of an ATP binding site
mutant of IGF-IR (IGF-IRKR) into pBPV vector was also described before (8).
Since pBPV vector does not contain a drug-resistant gene, a pMEX vector was
cotransfected with pBPV-IGF-IRKR in a molar ratio of 1 to 10, and neomycin-
resistant cells were selected in the presence of 750 mg of G418 (Gibco BRL) per
ml. The transfection and expression of IL-4R, IR, and IRS-1 into 32D cells have
been documented previously (45).

Mitogenic assay. Transfectants of 32D cells and 32D and Baf3 cell lines were
washed twice with Dulbecco’s phosphate-buffered saline. The number of cells
was determined with a cell counter (Coulter). A total of 2 3 105 cells were plated
onto each well of 24-well plates in RPMI 1640 media containing only 15% FCS
without IL-3. Human IGF-I (Intergen), murine IL-4 (Intergen), and human
insulin (Upstate Biotechnology Inc. [UBI]) at a concentration of 100 ng/ml or at
other concentrations were added to each well. Wortmannin (Calbiochem) and
PD98059 (Calbiochem) were included at concentrations of 100 nM and 20 mM,
respectively, in a mitogenic assay. After 44 h in culture, the cells were pulsed with
1 mCi of [3H]thymidine (TdR; Amersham) for another 4 h and harvested with a
cell harvester (Skatron). Dried filters were soaked in scintillation liquid, and the
number of counts per minute was measured with a beta counter (Beckman). The
mean values from triplicate wells were calculated and plotted in each corre-
sponding figure together with standard deviations.

Long-term cell growth. Each 32D line was plated in a six-well Costar plate (2 3
105 cells/well) with RPMI 1640 media containing only 15% FCS in the absence
or presence of various growth factors. Cell numbers were counted every other
day till day 6 by using trypan blue exclusion staining.

Lysing of cells, immunoprecipitation, and immunoblot analysis. 32D cells and
transfectants were serum and IL-3 starved for 2 h, stimulated with IGF-I and/or
IL-4 (100 ng/ml) for 10 min, and lysed in a buffer containing Triton X-100 (21).
The protein concentration was determined by using a kit from Bio-Rad. Equiv-
alent amounts of cell lysates were immunoprecipitated with anti-phosphoty-
rosine (25 ml of anti-pTyr conjugated to protein A beads; UBI), polyclonal
anti-SHC (1 mg per sample; Signal Transduction Laboratory), anti-SHIP (5 ml
per sample; Santa Cruz), or anti-STAT6 (1 mg per sample; Santa Cruz) together
with 40 ml of protein G beads (Pharmacia). Washed immunoprecipitates were
separated by sodium dodecyl sulfate (SDS)–8% polyacrylamide gel electrophore-
sis (PAGE), and the proteins transferred onto Immobilon membranes (Milli-
pore) were immunoblotted with anti-pTyr (UBI; 1 mg/ml), anti-SHC (1:1,000),
anti-SHIP (1:200), anti-STAT6 (1:1,000), or anti-Erk2 (1:1,000; UBI). The pro-
tein bands were subsequently detected with the ECL Western blot detection
system (Amersham). For direct immunoblot analysis, denatured protein samples
(100 mg per sample) were directly subjected to SDS-PAGE, and transferred
proteins were immunoblotted with anti-IGF-IR b chain (1:500; Santa Cruz).

PI 3*K activity assay. Cells were similarly treated and lysed as described above.
Equivalent amounts of cell lysates were immunoprecipitated with anti-pTyr and

subjected to a PI 39K activity assay by measuring the phosphorylation of PI to
yield phosphatidylinositol phosphate (PIP) as previously reported (50).

MAPK activity assay. Cells were similarly treated as above and lysed in a
buffer which contained 20 mM HEPES (pH 7.5), 10 mM EGTA, 40 mM b-glyc-
erophosphate, 1% Nonidet P-40, 2.5 mM Na3VO4, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 20 mg of aprotinin per ml, and 20 mg of leupeptin
per ml. Equivalent amounts of cell lysates were immunoprecipitated with anti-
Erk2 antibody (Santa Cruz). Washed immunoprecipitates were incubated with a
substrate buffer which contained 12.5 mM MOPS (morpholinepropanesulfonic
acid) (pH 7.5), 12.5 mM b-glycerophosphate, 7.5 mM MgCl2, 0.5 mM EGTA, 0.5
mM sodium fluoride, 0.5 mM Na3VO4, 1 mCi of [g-32P]ATP, 20 mM cold ATP,

FIG. 1. Overexpression of IGF-IR in 32D cells leads to IRS-independent
mitogenesis in response not only to IGF-I but also to IL-4. 32D cells and
transfectants were washed twice with Dulbecco’s phosphate-buffered saline and
maintained in RPMI 1640 media containing 15% FCS in the presence of the
various ligands at different doses. [3H]TdR was added after a period of 44 h in
culture. Cells were harvested, and the number of counts per minute was mea-
sured. Duplicate wells were used in this particular mitogenic assay.

FIG. 2. The mitogenic effects of IGF-I and IL-4 rely on the intrinsic tyrosine
kinase activity of overexpressed IGF-IR. The mitogenic assay was performed as
described in the legend to Fig. 1, except that IL-4 and IGF-I were given at
concentrations of 100 ng/ml. Standard deviations are shown by bars.
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3.3 mM dithiothreitol, and 1.5 mg of myelin basic protein (MBP) (Sigma) per ml
at 30°C for 20 min. The reaction was stopped by adding 30 ml of a 23 sample
buffer to the reaction mixture. The proteins were separated by SDS–12% PAGE,
and the dried gel was autoradiographed.

Northern blot analysis. Total RNA was isolated by using Trizol (Gibco BRL)
according to the instructions from the company. Fifteen micrograms of total
RNA was electrophoresed on a denaturing, 1.2% agarose gel. The fractionated
RNAs were immobilized on a charged nylon membrane (Schleicher and Schuell)
by capillary transfer, and the membrane was baked at 80°C. The 1.3-kb c-myc
gene was isolated from the encoding plasmid (kindly provided by Frederick
Mushinski) and labeled by random priming. The 40-mer b-actin probe (Onco-
gene Science) was end labeled with T4 polynucleotide kinase. Hybridization and
washing procedures were performed as described previously (22).

Densitometric and statistical analyses. The intensities of protein bands de-
rived from enhanced chemiluminescence detection were quantified with the scan
analysis program from Biosoft. Northern blot results were quantified by Phos-
phorImager (Molecular Dynamics). Data were analyzed by using one-factor
analysis of variance (StatView 512) at 99 or 95% significant levels.

RESULTS
Overexpression of IGF-IR in 32D cells induces mitogenesis

in response not only to IGF-I but also to IL-4. To investigate
the potential role played by IGF-IR in hematopoietic cell pro-
liferation, we overexpressed WT IGF-IR (IGF-IRWT), a con-
stitutively activated IGF-IR (NM1), and an ATP binding site
mutant of IGF-IR (IGF-IRKR) into 32D myeloid progenitor
cells. Although 32D cells express some endogenous IGF-IR
(see Fig. 6B and references 36 and 51), the stimulation of 32D
cells with IGF-I did not induce any detectable [3H]TdR incor-
poration (Fig. 1). In striking contrast, the overexpression of
IGF-IRWT induced IGF-I dose-dependent mitogenesis. As
reported before (45), the expression of IL-4R or IR alone did
not render these transfectants fully responsive to the corre-
sponding ligands for mitogenesis. The expression of IRS-1

alone did not mediate any detectable mitogenesis, either. How-
ever, when IRS-1 was coexpressed with the receptors (IR/IL-
4R/IRS-1), both insulin and IL-4 were able to induce mitogen-
esis (Fig. 1) (45). Although IGF-I was able to induce strong
mitogenesis, insulin stimulation of the IGF-IR transfectants
did not give rise to mitogenesis at the concentration utilized.
Conversely, IGF-I did not elicit any detectable mitogenesis in
the IR/IL-4R/IRS-1 transfectants. Unexpectedly, the addition
of IL-4 to the IGF-IRWT transfectants induced a very strong
mitogenic response in an IL-4 dose-dependent manner. The
induction of mitogenesis of 32D/IGF-IR transfectants in re-
sponse to both IGF-I and IL-4 was reproducibly detected by
using the transfectants with different expression levels of
IGF-IR (data not shown). Taken together, these results dem-
onstrate that IGF-I can induce mitogenesis of 32D cells in the
absence of IRS expression when sufficient amounts of IGF-IR
are present, in sharp contrast to the IR in the same cell system
(45). In addition, our results suggest that IL-4 can cooperate
with overexpressed IGF-IR, which possesses a basal level of
activation (see below) to mediate mitogenesis in the hemato-
poietic cell background.

The mitogenic effects of IGF-I and IL-4 rely on the intrinsic
tyrosine kinase activity of IGF-IR. To determine whether
IGF-I- and IL-4-induced mitogenesis of 32D/IGF-IR transfec-
tants was dependent on the kinase activity of IGF-IR, we
expressed either an ATP binding mutant of IGF-IR (IGF-
IRKR) or a constitutively activated IGF-IR, designated NM1,
in 32D cells and tested for their ability to induce mitogenesis in
response to IGF-I and IL-4. The NM1 mutant was generated
by deleting the entire extracellular domain of IGF-IR and
fusing the remaining receptor with the N-terminal gag se-

FIG. 3. IGF-I and IL-4 are able to mediate long-term proliferation of the IGF-IRWT transfectants. 32D (A), 32D/IGF-IRWT (B), and 32D/NM1 (C) cell lines were
plated in six-well Costar plates and maintained in RPMI 1640 media containing 15% FCS with or without IGF-I (100 ng/ml), IL-4 (100 ng/ml), and IL-3 (5 ng/ml). Cell
numbers were counted every other day until day 6.
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quence of the avian sarcoma virus UR2 (25, 26). As seen in
Fig. 2, IGF-IRWT transfectants were able to mediate mitogen-
esis in response to both IGF-I and IL-4 stimulation. In con-
trast, the expression of the IGF-IRKR mutant abolished mi-
togenesis from both IGF-I and IL-4, despite similar levels of
IGF-IRKR and IGF-IRWT proteins expressed in the respec-
tive transfectants (see Fig. 6B). The basal level of [3H]TdR
incorporation observed in NM1 transfectants reflected the
constitutive activation of IGF-IR. As expected, NM1 transfec-
tants did not respond to IGF-I for mitogenesis due to a dele-
tion of the ligand-binding domain of IGF-IR. However, NM1
transfectants were still mitogenic to IL-4. These results clearly
demonstrate that IGF-I-induced mitogenesis in 32D cells re-
quires increased IGF-IR expression and that IL-4 can cooper-
ate with the activated IGF-IR signaling pathway to induce
mitogenesis.

IGF-I and IL-4 are able to induce long-term cell growth of
the IGF-IR transfectants. To correlate the DNA synthesis with
cell proliferation in response to IGF-I and IL-4, we determined

the level of long-term growth of the IGF-IR transfectants. As
shown in Fig. 3A, IGF-I and/or IL-4 did not stimulate any cell
proliferation of the parental 32D cells. As expected, the addi-
tion of IL-3 resulted in continuous proliferation and division of
32D cells. When IGF-IR was overexpressed, the addition of
IGF-I and/or IL-4 supported long-term cell growth at rates
similar to that of IL-3 (Fig. 3B). In the NM1 transfectants,
IGF-I did not promote permanent growth due to the lack of
IGF-I binding site within the NM1 construct (Fig. 3C). On the
other hand, IL-4 alone or together with IGF-I caused these
transfectants to proliferate. We reproducibly observed syner-
gistic long-term growth as well as short-term DNA synthesis in
response to IGF-I plus IL-4 in those IGF-IR transfectants
which express relatively low levels of IGF-IR (data not shown).
Together, the results demonstrate that IGF-I and IL-4 are able
to mediate the long-term cell proliferation of 32D/IGF-IR
transfectants in addition to short-term DNA synthesis.

IL-4 synergizes with IGF-I for hematopoietic cell mitogen-
esis. To further extend our study of IL-4 synergy with overex-
pressed IGF-IR in a more physiological condition, we tested
their synergistic effect on DNA synthesis of two hematopoietic
lines, 32D and Baf3. IL-4 stimulation of 32D cells resulted in
very low [3H]TdR incorporation levels (about 3,000 cpm),
while IGF-I and insulin alone did not induce any response
(Fig. 4A). Interestingly, the coaddition of IL-4 and IGF-I in-
duced DNA synthesis 2.5-fold higher than IL-4 alone, suggest-
ing a synergistic effect of IL-4 and IGF-I on short-term mito-
genesis. Insulin was also able to synergize with IL-4 to increase
mitogenesis, but the effect was weaker than that of IGF-I.

Like the 32D line, the pro-B-cell Baf3 line is also dependent
on IL-3 for cell growth. When Baf3 cells were subjected to a
mitogenic assay, weak [3H]TdR incorporation was also ob-
served in response to IL-4 stimulation (Fig. 4B). Again, neither
IGF-I nor insulin induced mitogenesis. Strikingly, the coaddi-
tion of IL-4 with IGF-I resulted in 16.5-fold more [3H]TdR
uptake than that of IL-4 alone. On the other hand, the syner-
gistic effect of insulin with IL-4 was much weaker. Taken to-
gether, our results demonstrate that IL-4 can synergize with
IGF-I for DNA synthesis in two hematopoietic cell lines, pro-
viding evidence for the physiological interactions of these two
factors in hematopoietic cell growth. The weaker synergistic
effect of IL-4 with insulin than that of IGF-I on mitogenesis
supports the concept that the IGF-I signaling pathway is more
involved in cell proliferation.

PI 3*K activation is not responsible for IGF-I- and IL-4-
induced mitogenesis of 32D/IGF-IR transfectants. Recently, a
role for PI 39K in the IR-induced and IRS-dependent mito-
genic response was established by mutating tyrosine residues
within the IRS-1 molecule (28). Since 32D cells do not endo-
genously express IRS-1 (45), -2 (40), and -4 (data not shown),
we tested whether the overexpression of IGF-IR in 32D cells
would bypass IRS to activate PI 39K and subsequently mediate
mitogenesis. Therefore, a PI 39K activity assay was performed
to measure the PIP from all the transfectants in response to
various stimuli. As shown in Fig. 5, the coexpression of IR and
IL-4R with IRS-1 (IR/IL-4R/IRS-1) resulted in PI 39K activa-
tion in response to both insulin and IL-4. In the same trans-
fectants, IGF-I stimulation of endogenous IGF-IR also in-
duced relatively high PI 39K activity. On the other hand, no
detectable PI 39K activity from anti-pTyr immunoprecipitates
was observed in both IGF-IRWT and IR/IL-4R transfectants,
although the former was capable of inducing mitogenesis in
response to both IGF-I and IL-4. Since endogenous IGF-IR
induced PI 39K activity with transfected IRS-1 but did not
mediate mitogenesis (Fig. 1) and overexpressed IGF-IR in-
duced mitogenesis without PI 39K activation, we conclude that

FIG. 4. IL-4 synergizes with IGF-I for hematopoietic cell mitogenesis. Mito-
genic assays for 32D cells (A) and Baf3 cells (B) were performed as described in
the legend to Fig. 1, and IL-4, IGF-I, and insulin were added at concentrations
of 100 ng/ml. Standard deviations are shown by bars, and deviations for some
samples are too small to be shown. Asterisks indicate statistical significance when
compared to IL-4 alone (P , 0.01).
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PI 39K is not likely to be involved in overexpressed IGF-IR-
mediated cell proliferation in response to both IGF-I and IL-4.
This conclusion is substantiated by the inability of a PI 39K
inhibitor to suppress IGF-I- and IL-4-induced mitogenesis (see
Fig. 10B). Certainly, our data do not exclude the possibility
that the activation of PI 39K may still be required for IL-4- and
insulin-driven mitogenesis through IRS-1 tyrosine phosphory-
lation in the IR/IL-4R/IRS-1 transfectants.

Overexpression of IGF-IRWT leads to enhanced tyrosine
phosphorylation of intracellular proteins. To seek insight into
the potential mechanisms leading to IGF-IR-mediated cell
proliferation other than IRS/PI 39K activation, we first tested
whether tyrosine phosphorylation of intracellular proteins
would be affected by the expression of the WT or the ATP
binding site mutant of IGF-IR. As shown in Fig. 6A, the
stimulation of 32D cells with IGF-I and IL-4 led to tyrosine
phosphorylation of intracellular proteins of 145, 110, 80, 72, 52,
and 42 kDa. IGF-I or IL-4 stimulation of IGF-IRWT trans-
fectants increased tyrosine phosphorylation of these proteins,
compared to that of the 32D parental line. In addition, tyrosine
phosphorylation of a 100-kDa protein was observed in re-
sponse to IGF-I in the IGF-IRWT transfectants. On the other
hand, the expression of IGF-IRKR in 32D cells suppressed
tyrosine phosphorylation of most proteins detected in 32D
cells and those enhanced in the IGF-IRWT transfectants, in-

dicating a dominant inhibitory effect of the mutant molecule in
suppressing endogenous IGF-IR activation. Subsequently, it
was demonstrated that the 145-, 100-, 80-, 52-, and 42-kDa
proteins represent SH2-containing inositol-5-phosphatase
(SHIP) (Fig. 7), IGF-IR (data not shown), protein kinase C-d
(21), SHC (Fig. 7), and Erk2 of MAPK (see Fig. 9A), respec-
tively. The identities of the other tyrosine phosphoproteins
remain to be determined (Fig. 6A).

Immunoblot analysis with anti-IGF-IR serum indicates that
IGF-IR protein levels were increased by 6.8- and 9.2-fold,
respectively, in the IGF-IRWT and IGF-IRKR transfectants,
compared to endogenous IGF-IR (Fig. 6B). Taken together,
our results demonstrate that the overexpression of IGF-IRWT,
but not that of the KR mutant, leads to both IGF-I- and
IL-4-dependent tyrosine phosphorylation of several intracellu-
lar substrates which may play positive roles in IGF-I- and
IL-4-induced proliferation.

SHIP is tyrosine phosphorylated in response to IGF-I stim-
ulation. To identify the substrates with enhanced phosphory-
lation in response to IGF-I in the IGF-IRWT transfectants, we
first tested for SHC tyrosine phosphorylation. SHC has been
defined as a substrate in addition to IRS in the IGF-IR signal-
ing pathway and is known to play an important role in IGF-
IR-mediated cell proliferation and transformation (6, 38).
Tyrosine phosphorylation of SHC was detected by the immu-

FIG. 5. PI 39K activation is not responsible for IGF-I- and IL-4-induced mitogenesis of the IGF-IR transfectants. 32D cells and transfectants were serum starved
for 2 h and stimulated with IL-4, insulin, or IGF-I for 10 min. Equivalent cell lysates were immunoprecipitated with anti-pTyr and subjected to PI 39K assay as previously
described (50). The origin (Ori) of the loading and PIP products are marked by arrows.
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noprecipitation of cell lysates with an anti-SHC serum, fol-
lowed by anti-pTyr immunoblot analysis from 32D cells in
response to IGF-I stimulation (Fig. 7A). Some constitutive
phosphorylation of SHC was observed from IGF-IRWT trans-
fectants, indicating that overexpressed IGF-IR may possess
some constitutive kinase activity. This phosphorylation was
greatly enhanced in response to IGF-I stimulation. In contrast,
the expression of the IGF-IRKR mutant abolished tyrosine
phosphorylation of SHC in response to IGF-I.

A 145-kDa tyrosine-phosphorylated protein was also de-
tected from anti-SHC immunoprecipitates of 32D cells in re-
sponse to IGF-I stimulation (Fig. 7A). The phosphorylation of
this protein was increased in the IGF-IRWT transfectants,
which possessed the strongest tyrosine phosphorylation of
SHC. On the other hand, pp145 was not detected from anti-

SHC immunoprecipitates of IGF-IRKR transfectants. These
results suggest that pp145 is a substrate of IGF-IR and can
associate with SHC in an IGF-I-dependent fashion. Subse-
quent reblotting of the same membrane with an anti-SHC
antibody demonstrated that similar amounts of SHC proteins
were immunoprecipitated and loaded on the gel (Fig. 7B).

Several proteins, including SHIP (10, 23) and IRS-4 (20), are
within the size range of 140 to 160 kDa and are potentially
tyrosine phosphorylated in vivo. Since IRS-4 is not expressed
in 32D cells (data not shown), we tested whether SHIP could
be pp145. As shown in Fig. 7C, immunoprecipitated SHIP
protein from 32D cells was weakly tyrosine phosphorylated in
response to IGF-I and this phosphorylation was greatly en-
hanced in IGF-IRWT transfectants. More importantly, a pp52
protein was associated with tyrosine-phosphorylated SHIP in
response to IGF-I from IGF-IRWT transfectants (Fig. 7C). It
was subsequently confirmed that this SHIP-associating protein
was SHC (data not shown). Reblotting the membrane shown in
Fig. 7C with SHIP indicated similar loading among the samples
(Fig. 7D). Together, these results confirm that SHC is a major
substrate of IGF-IR, which becomes highly phosphorylated
upon IGF-IR overexpression. We also provide the first evi-
dence that SHIP is tyrosine phosphorylated by IGF-IR activa-
tion and associates with SHC in vivo in an IGF-I-dependent
manner. Much weaker tyrosine phosphorylation of SHIP by
anti-SHIP immunoprecipitation than anti-pTyr immunopre-
cipitation may be due to the lower affinity of the anti-SHIP
serum (Fig. 6A and 7C).

Activation of SHC by IGF-IR results in Grb2 association in
vivo. Grb2 has been defined as a downstream signaling mole-
cule of SHC activation through interactions of its SH2 domain
with the tyrosine-phosphorylated SHC (16, 39). To show a
direct association of SHC with Grb2, equivalent amounts of
proteins from each cell line after various treatments were im-
munoprecipitated with anti-SHC serum followed by anti-Grb2
immunoblot analysis. As shown in Fig. 8, Grb2 was weakly
detectable from SHC immunoprecipitates of 32D cells after
IGF-I stimulation. Again, some constitutive association of
these two molecules was detected in the IGF-IRWT transfec-
tants. However, IGF-I stimulation resulted in the maximal
association of these two molecules in the IGF-IRWT transfec-
tants. The expression of the IGF-IRKR mutant fully sup-
pressed this association. Taken together, these results demon-
strate that maximal SHC tyrosine phosphorylation and Grb2
association occur in the IGF-IRWT transfectants, which cor-
relates with IGF-I-induced mitogenesis in the same transfec-
tants.

MAPK activity in IGF-IR transfectants is increased in re-
sponse to IGF-I stimulation. To search for the downstream
signaling pathway leading to IGF-I-induced mitogenesis, we
tested for MAPK activation, a known signaling molecule
downstream of the SHC/Grb2/Ras/Raf/MEK cascade. As
shown in Fig. 9A, Erk2 tyrosine phosphorylation was strongly
detected in 32D cells in response to IGF-I but was detected
only weakly in response to IL-4 stimulation. The basal phos-
phorylation of Erk2 in the IGF-IRWT transfectants was 9.7-
fold higher than that of 32D cells, indicating the constitutive
activation of IGF-IR due to its overexpression. IGF-I stimula-
tion of the IGF-IRWT transfectants resulted in maximal
tyrosine phosphorylation of Erk2. IL-4 stimulation of the IGF-
IRWT transfectants also caused a 3.3-fold increase in phos-
phorylation when compared to the basal level in the same
transfectants. Again, Erk2 phosphorylation was inhibited by
the expression of the IGF-IRKR mutant.

A MAPK activity assay was subsequently performed to cor-
relate with the results of Erk2 tyrosine phosphorylation (Fig.

FIG. 6. Overexpression of IGF-IRWT, but not that of the ATP binding
mutant of IGF-IR (IGF-IRKR) leads to tyrosine phosphorylation of several
intracellular proteins in response to IGF-I and IL-4 stimulation. The sizes of
proteins (in kilodaltons) are given in numbers. (A) 32D cells and transfectants
were serum starved and either left untreated or stimulated with IGF-I or IL-4 for
10 min. Equivalent cell lysates were immunoprecipitated (IP) with anti-pTyr.
Transferred proteins on Immobilon membranes were immunoblotted with the
same antibody. Asterisks denote unknown proteins, whereas known proteins are
indicated by their names. PKC-d, protein kinase C-d. (B) 32D cells and their
transfectants were treated as described in the legend to panel A. Equivalent cell
lysates (100 mg per lane) were subjected to SDS-PAGE, and transferred proteins
were immunoblotted with anti-IGF-IR serum. The position of IGF-IR is indi-
cated.
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9B). Basal phosphorylation of MBP was detected from 32D
cells, and this phosphorylation was slightly increased in re-
sponse to IGF-I but not to IL-4 stimulation. The MAPK ac-
tivity of the IGF-IRWT transfectants was increased at least
fivefold in response to IGF-I stimulation. A slight increase in
MBP phosphorylation was also observed in the same transfec-
tants in response to IL-4 stimulation. The overexpression of

NM1 caused a constitutive activation of MAPK, although this
activity was not as high as that of IGF-IRWT transfectants
stimulated by IGF-I. Interestingly, a protein of 25 kDa was
coimmunoprecipitated with anti-Erk2 and was strongly phos-
phorylated in response to IGF-I stimulation. In contrast to
both IGF-IRWT and NM1 transfectants, MBP phosphoryla-
tion was significantly inhibited in the IGF-IRKR transfectants.
Taken together, the activation of MAPK in response to IGF-I
stimulation correlates with the increased tyrosine phosphory-
lation of SHC and SHIP and the enhanced association of Grb2
with SHC in the IGF-IR transfectants.

Activation of MAPK pathway is required for IL-4 to induce
mitogenesis of the IGF-IR transfectants. Having demonstrated
that IL-4 induced mitogenesis and long-term growth of the
IGF-IR transfectants and that IL-4 synergized with IGF-I for
32D DNA synthesis, we determined if IL-4 would also utilize
the SHC/MAPK pathway for cell proliferation. As shown in
Fig. 10A, although SHC was only weakly tyrosine phosphory-
lated in 32D cells in response to IL-4, the coaddition of IGF-I
and IL-4 to 32D cells resulted in 1.7-fold-more phosphoryla-
tion than that of IGF-I alone. Furthermore, the stimulation of
the IGF-IRWT transfectants with IL-4 increased SHC tyrosine
phosphorylation 3.6-fold when compared to the nonstimulat-
ing condition in the same transfectants. As expected, the ex-

FIG. 7. SHIP is tyrosine phosphorylated and associated with SHC in response to IGF-I stimulation of 32D/IGF-IR transfectants. (A) 32D cells and transfectants
were serum starved and either left untreated or stimulated with IGF-I or IL-4 for 10 min. Equivalent cell lysates were immunoprecipitated (IP) with anti-SHC.
Transferred proteins were immunoblotted with anti-pTyr. The positions of SHC and pp145 SHIP are indicated. (B) The same Immobilon membrane shown in panel
A was reblotted with anti-SHC serum. (C) Cells were similarly treated as described in the legend to panel A. Equivalent cell lysates were immunoprecipitated with an
anti-SHIP antibody followed by anti-pTyr immunoblot analysis. (D) The same Immobilon membrane shown in panel C was reblotted with anti-SHIP serum. The sizes
of proteins (in kilodaltons) are given in numbers in panels A and C.

FIG. 8. Activation of SHC by IGF-IR results in Grb2 association in an
IGF-I-dependent manner. 32D cells and transfectants were serum starved and
either left untreated or stimulated with IGF-I or IL-4 for 10 min. Equivalent cell
lysates were immunoprecipitated (IP) with anti-SHC. Transferred proteins were
immunoblotted with anti-Grb2 serum. The position of Grb2 is indicated.

3822 SOON ET AL. MOL. CELL. BIOL.



pression of the IGF-IRKR mutant diminished SHC phosphor-
ylation.

To further explore the involvement of the MAPK pathway
and exclude PI 39K activation in IGF-I- and IL-4-induced mi-
togenesis, PD98059 and wortmannin, which specifically inhibit
the MEK and PI 39K pathways, respectively, were utilized in a
mitogenic assay. As shown in Fig. 10B, wortmannin (100 nM)
was not able to inhibit IGF-I- and/or IL-4-induced mitogenesis
of the IGF-IRWT transfectants, although the same dose of it
fully suppressed IL-3-induced Akt activation in 32D cells (data
not shown). In striking contrast, inhibition of the MAPK path-
way by PD98059 significantly (P , 0.01) suppressed IGF-I-
and/or IL-4-mediated mitogenesis. The solvent dimethyl sul-
foxide (DMSO) did not affect ligand-induced mitogenesis. The
coaddition of IGF-I and IL-4 resulted in increased mitogenesis
compared to that of each ligand alone, which reached a similar
level as that induced by the saturated amounts of IL-3. We
conclude that the SHC/Grb2/MAPK cascade plays an impor-
tant role in both IGF-I- and IL-4-induced mitogenesis of the
IGF-IR transfectants and further excludes the involvement of
PI 39K in the process.

STAT6 activation in response to IL-4 is enhanced in the
IGF-IRWT transfectants. STAT6 has been shown to be a ma-
jor and specific IL-4 transcriptional factor, which plays a
pivotal role in IL-4-induced cell proliferation (18). When en-
dogenous STAT6 was immunoprecipitated, its tyrosine phos-
phorylation was detectable in the parental 32D line (Fig. 11A).
Very interestingly, the stimulation of the IGF-IRWT transfec-
tants with IL-4 reproducibly increased STAT6 phosphoryla-
tion, when compared to that of 32D cells (1.4-fold more). In

striking contrast, STAT6 phosphorylation in the IGF-IRKR
transfectants was reduced to 4% of that in 32D cells. Although
IL-4 induced higher levels of STAT6 phosphorylation in the
IGF-IRWT transfectants than in 32D cells, the costimulation
of the IGF-IRWT transfectants with IGF-I and IL-4 did not
further enhance the phosphorylation. When the membrane
used in Fig. 11A was reblotted with anti-STAT6 serum, no
differences in STAT6 protein levels were detected among the
cell lines (Fig. 11B), indicating that the changes in STAT6
phosphorylation are not due to the influence of IGF-IR on
STAT6 protein expression. Together, the results suggest that
STAT6 tyrosine phosphorylation in response to IL-4 is en-
hanced in the IGF-IRWT transfectants, which correlates with
increased cell proliferation.

IL-4 synergizes with IGF-I to induce c-myc early response
gene up-regulation. To further understand the mechanisms
underlying the synergistic effect of IL-4 and IGF-I on myeloid
cell proliferation, we tested for expression of the early re-
sponse gene c-myc, which had been shown to be important for
cell proliferation mediated by many growth factors (1, 9, 37).
When Northern blot analyses were performed in three sepa-
rate experiments by using c-myc probes and normalizing for
RNA loading by b-actin controls, both IGF-I and IL-4 stimu-
lation of 32D cells resulted in c-myc gene up-regulation of 1.3-
and 1.6-fold, respectively, when compared to the nonstimu-
lated 32D control (Fig. 12A). The addition of IGF-I and IL-4
together in 32D cells caused a 2.3-fold increase in c-myc gene
expression (statistically significant [P , 0.05]). The synergistic
effect of c-myc up-regulation correlated with DNA synthesis of
32D cells in response to both factors (Fig. 4A). More interest-
ingly, the basal c-myc expression level was already increased in
32D/IGF-IR transfectants by 1.8-fold. The treatment of the
transfectants with IGF-I and IL-4 induced c-myc up-regulation
by 2.2- and 2.6-fold, respectively, similar to the extent of in-
duction achieved by simultaneous IL-4 and IGF-I stimulation
of 32D cells. The costimulation of cells with IL-4 and IGF-I in
the 32D/IGF-IR transfectants resulted in the maximal 3.3-fold
induction of c-myc expression.

A time course experiment demonstrated that both IL-4 and
IGF-I were able to induce c-myc gene up-regulation in the
periods of incubation of 30, 60, and 90 min (Fig. 12B). Again,
the synergistic effect of the two factors on c-myc expression was
detected in all the periods analyzed, with the maximal induc-
tion at 60 min after stimulation. Taken together, our results
demonstrate that c-myc gene up-regulation correlates with mi-
togenesis induced by IGF-I or IL-4 alone in the 32D/IGF-IR
transfectants (Fig. 1 to 3) and by both factors in the parental
32D cells (Fig. 4A).

DISCUSSION

In the present study, we provide evidence that the stimula-
tion of overexpressed IGF-IR with IGF-I led to mitogenesis
independent of IRS molecule expression and activation. More
interestingly, IL-4 stimulation of the IGF-IRWT and NM1
transfectants also resulted in cell proliferation. In contrast,
expression of an ATP binding mutant of IGF-IR did not ini-
tiate any detectable mitogenesis. Both IGF-I and IL-4 were
able to mediate long-term growth of the IGF-IR transfectants.
Furthermore, IGF-I and IL-4 synergized to induce 32D and
Baf3 DNA synthesis, demonstrating the physiological impor-
tance of this synergy in hematopoietic cell proliferation. Our
results are further substantiated by the recent finding that
IGF-I was also able to cooperate with erythropoietin for
human IL-3-dependent, erythroleukemia cell proliferation
(29).

FIG. 9. Tyrosine phosphorylation of Erk2 and MAPK activity are greatly
enhanced in response to IGF-I stimulation in the IGF-IR transfectants. (A) 32D
cells and transfectants were serum starved and either left untreated or stimulated
with IGF-I or IL-4 for 10 min. Equivalent cell lysates were immunoprecipitated
(IP) with anti-pTyr. Transferred proteins were immunoblotted with anti-Erk2
serum. The position of the 42-kDa Erk2 protein is indicated. (B) 32D cells and
transfectants were serum starved and either left untreated or stimulated with
IGF-I or IL-4 for 10 min. Equivalent cell lysates were immunoprecipitated with
an anti-Erk2 antibody. Washed immunoprecipitates were subjected to an in vitro
MAPK activity assay with MBP as a substrate. The position of phosphorylated
MBP is indicated.
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The results of IGF-IR-induced cell proliferation presented
differ from the previous data in which IL-4 and insulin were
dependent on IRS-1 or -2 expression and activation for mito-
genesis in the same cell background (Fig. 1). Stimulation of the
IR pathway also resulted in Ras/Raf/MAPK activation even in
the 32D-IR transfectants (13). It is possible that a threshold
level of IR expression may be necessary to initiate mitogenic
signals solely through the activation of the SHC/Grb2/Ras/Raf/
MAPK cascade independent of IRS expression. We are cur-
rently testing this possibility by generating new IR transfec-
tants with higher expression levels. On the other hand, the
preferential synergy between IGF-I versus insulin and IL-4 for
32D and Baf3 DNA synthesis clearly indicates that IGF-I plays
a more important role than insulin in hematopoietic cell pro-
liferation (Fig. 4).

Our data strongly suggest that the SHC/Grb2/MAPK cas-
cade plays an important role in IGF-IR-mediated cell prolif-

eration of 32D cells overexpressing IGF-IR. The tyrosine phos-
phorylation of SHC and Erk2, the association of Grb2 with
SHC, and MAPK activity were all increased in the IGF-IR
transfectants in response to IGF-I. The expression of the KR
mutant of IGF-IR fully suppressed the endogenous IGF-IR-
mediated signal transduction of this cascade. NM1 overexpres-
sion caused much weaker spontaneous cell proliferation than
that of IGF-IRWT transfectants stimulated by IGF-I (Fig. 2).
This correlated well with the lower levels of MAPK activation
(Fig. 9B) and weaker tyrosine phosphorylation of several cel-
lular proteins (22a) in NM1 transfectants than those in IGF-
IRWT transfectants, substantiating the role of the MAPK cas-
cade in IGF-IR-mediated cell proliferation. Finally, the strong
inhibition by PD98059, but not that by wortmannin, demon-
strates the absolute importance of the MAPK pathway in IGF-
I-induced mitogenesis of the IGF-IR transfectants.

SHIP belongs to a subgroup of the inositol polyphosphate-

FIG. 10. IL-4 synergizes with IGF-I for activation of the SHC/MAPK pathway. (A) 32D cells and transfectants were serum starved and either left untreated or
stimulated with IGF-I and/or IL-4 for 10 min. Equivalent cell lysates were immunoprecipitated (IP) with anti-SHC. Transferred proteins were immunoblotted with
anti-pTyr. The position of tyrosine-phosphorylated SHC is indicated. (B) The IGF-IRWT transfectants were subjected to a mitogenic assay in the presence of IGF-I
(100 ng/ml) and/or IL-4 (100 ng/ml) with or without 100 nM wortmannin (wort), 20 mM PD98059 (PD), or 1 ml of DMSO per well. IL-3 (5 ng/ml) was included as a
positive control. Asterisks indicate statistical significance of inhibition by PD98059 (P , 0.01) when compared to the addition of ligand alone. Error bars indicate
standard deviations.
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5-phosphatase family. It possesses 5-phosphatase activity to-
wards Ins(1,3,4,5)P4 and PtdIns(3,4,5)P3 but not Ins(1,4,5)P3
or PtdIns(4,5)P2. The protein was originally cloned for its
ability to bind the PTB domain of SHC in the yeast two-hybrid
system (23) and for its association with the SH3 domain of
Grb2 from the IL-3-stimulated murine hematopoietic line,
B6SUtA1 (10). In addition to the N-terminal SH2 domain,
SHIP also contains a proline-rich domain and two PTB motifs
(NPXY) at the C terminus. Tyrosine phosphorylation of SHIP
has been documented mainly in hematopoietic cells in re-
sponse to cytokines, such as IL-3, colony-stimulating factor 1,
and erythropoietin (10, 23, 24). Although the interaction of
SHIP with SHC and Grb2 has been established, the exact
domains or motifs in SHIP and its interacting molecules re-
quired for binding and activation have not been fully eluci-
dated. Similarly, the functional role of SHIP in vivo in cell
signaling remains elusive. An inhibitory role in hematopoietic
cell proliferation and B-cell signaling has been attributed to
SHIP, most likely due to its phosphatase activity toward PIP3
(5, 31). Although the role of SHIP in IGF-I- and IL-4-induced
mitogenesis in the 32D cell system needs to be further inves-
tigated, our results provide the first evidence for SHIP phos-
phorylation by activated IGF-IR and for its association with
SHC in an IGF-I-dependent manner.

IL-4 is a pleiotropic cytokine, which induces B-lymphocyte
differentiation, immunoglobulin class switching and major his-
tocompatibility complex expression. It is also a proliferating
factor for T lymphocytes. IL-4R is composed of a unique a
chain responsible for ligand binding and a common subunit
(gc) shared by receptors for IL-2, IL-7, IL-9, and IL-15 (18,
34). IL-4 stimulation induces tyrosine phosphorylation of the a
chain, which may be due to the activation of Janus kinases
(JAK). Subsequently, STAT6 is tyrosine phosphorylated,
translocates into the nucleus, and activates the transcriptional
machinery. IL-4 can also induce IRS tyrosine phosphorylation
through JAK1 activation (44) and initiates a mitogenic re-
sponse in 32D cells when both IRS and IL-4R are coexpressed
(19, 45). While the biological effects of IL-4 are mainly re-
stricted to hematopoietic cells, recent observations from our

laboratory showed that IL-4 was able to synergize with the
platelet-derived growth factor for JAK1 and STAT6 tyrosine
phosphorylation, STAT6 transcriptional activity, and mitogen-
esis of fibroblasts (32, 33). These results suggest that IL-4 has
a cooperative or synergistic role in mitogenesis mediated by
tyrosine kinase receptors. In our study, IL-4 stimulation of the
IGF-IR transfectants caused more than a 30-fold increase in
mitogenesis (Fig. 1, 2, and 10B). Moreover, the synergy be-
tween IGF-I and IL-4 was also observed in the parental 32D
and Baf3 cells (Fig. 4). These results, together with the facts
that both IL-4R and IGF-IR are ubiquitously expressed and
that IGF-I is a major mitogen existing in the serum, suggest a
functional relevance of their synergy in hematopoietic cell pro-
liferation.

The mechanisms underlying IL-4 synergy with IGF-I for cell
proliferation are still not fully understood. IL-4 has been
shown to activate the MAPK cascade (46). Tyrosine phosphor-
ylation of SHC and Erk2 was detected in response to IL-4 in
IGF-IR transfectants (Fig. 7 and 9A). SHC tyrosine phosphor-
ylation was induced maximally by both IGF-I and IL-4 in 32D
cells (Fig. 10A). Combined with the inhibition of mitogenesis
by an MEK inhibitor, these results demonstrate the potential
importance of the MAPK pathway in IL-4-induced mitogene-
sis. In addition, STAT6 tyrosine phosphorylation was increased
in the IGF-IRWT transfectants in response to IL-4 when com-
pared to that in 32D cells (Fig. 11A). However, the costimu-
lation of the transfectants with both IL-4 and IGF-I did not
further enhance this increased phosphorylation. It is possible
that IGF-IR can enhance JAK1 activation stimulated by IL-4,
leading to increased STAT6 phosphorylation in the IGF-
IRWT transfectants. On the other hand, IL-4-induced trans-
location of STAT6 into the plasma membrane may increase
when some basal IGF-IR activity is present. Although we do
not yet know the mechanisms governing the regulation of
STAT6 phosphorylation by IGF-IR, the increased MAPK and
STAT6 activation in response to IL-4 may cooperate to initiate
mitogenesis of the IGF-IR transfectants.

The induction of early response genes, including c-jun, c-fos,
and c-myc has been reported in response to many growth

FIG. 11. Tyrosine phosphorylation of STAT6 in response to IL-4 is enhanced in the IGF-IRWT transfectants. (A) 32D cells and transfectants were serum starved
and either left untreated or stimulated with IGF-I and/or IL-4 for 10 min. Equivalent cell lysates were immunoprecipitated (IP) with anti-STAT6. Transferred proteins
were immunoblotted with anti-pTyr. The position of tyrosine-phosphorylated STAT6 is indicated. This experiment was performed three times with the same results.
(B) The same Immobilon membrane shown in panel A was reblotted with an anti-STAT6 antibody. The position of the STAT6 protein is indicated.
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factors and cytokines (9, 37). The stimulation of IGF-IR and
IL-4R pathways can induce c-myc gene expression, which is
thought to play a role in G1-S-phase transition and DNA syn-
thesis. For example, IL-4 was able to induce keratinocyte pro-

liferation and c-myc up-regulation. A specific tyrosine kinase
inhibitor, genistein, blocked both IL-4-induced cell prolifera-
tion and c-myc induction (49). In 32D cells, c-fos and egr-1
expression was demonstrated to be dependent on the levels of

FIG. 12. IL-4 synergizes with IGF-I to induce c-myc early response gene up-regulation. (A) 32D cells and transfectants were serum starved for 5 h in the presence
of 0.1% bovine serum albumin and subsequently stimulated with IL-4 (100 ng/ml), IGF-I (100 ng/ml), or IL-4 plus IGF-I (100 ng/ml each) for 30 min. The reaction
was stopped by adding cold Dulbecco’s modified Eagle medium to the reaction mixture, and total RNA was isolated. Fifteen micrograms of total RNA from each sample
was fractionated and hybridized with the c-myc probe. The same membrane was stripped and rehybridized with the b-actin probe. Three Northern blot analyses were
performed. After normalization for RNA loading by a b-actin control, the fold increases in c-myc gene expression were obtained by comparing them with the basal c-myc
levels in nonstimulated 32D cells. White and shaded bars are c-myc levels of 32D cells and IGF-IRWT transfectants, respectively. Standard deviations are shown by
bars. (B) 32D cells were similarly starved as described above and stimulated with IL-4 (square), IGF-I (diamond), and IL-4 plus IGF-I (circle) for the indicated periods
of time. The fold increases in c-myc expression were obtained by normalizing for RNA loading with the b-actin probe and by comparing it with the basal c-myc levels
in nonstimulated 32D cells.
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IR and the activation of the MAPK pathway initiated from
overexpressed IR (13). However, c-fos and egr-1 expression
does not seem to be required for IR-mediated cell prolifera-
tion through IRS-1. On the other hand, c-myc gene expression
correlated with mitogenesis induced by coexpressing human
IL-4R and IRS-1 (35). In our experiments, c-myc up-regulation
was reproducibly detected even in the parental 32D cells in
response to either IL-4 or IGF-I (Fig. 12). The synergistic
effect of IGF-I and IL-4 on c-myc expression parallels the
synergy induced by these factors for mitogenesis in 32D cells
(Fig. 4). Moreover, the ability of IL-4 alone to induce mito-
genesis in 32D/IGF-IR transfectants coincided with the strong
up-regulation of c-myc in the same transfectants. Currently, we
do not know how the c-myc gene is up-regulated by both IGF-I
and IL-4. It is speculated that the MAPK pathway induced by
IGF-I and the STAT6 pathway activated by IL-4 may finally
target the c-myc promoter for its up-regulation. Nevertheless,
our results point to the importance of c-myc in IGF-I- and
IL-4-induced hematopoietic cell proliferation.

In summary, the present studies demonstrate that the stim-
ulation of the IGF-IR signaling pathway through SHC/SHIP/
Grb2/MAPK, but not that through IRS/PI 39K, induces 32D
cell proliferation when sufficient levels of IGF-IR are present.
Moreover, IL-4 can synergize with IGF-I for mitogenesis,
which may occur through cross talk between the MAPK and
STAT6 pathways and c-myc gene up-regulation.
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