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IRS- 1 : Essential for Insulin- and IL-4-Stimulated 
Mitogenesis in Hematopoietic Cells 

Ling-Mei Wang, Martin G. Myers, Jr., Xiao-Jian Sun, 
Stuart A. Aaronson, Morris White, Jacalyn H. Pierce* 

Although several interleukin-3 (IL-3)-dependent cell lines proliferate in response to IL-4 or 
insulin, the 32D line does not. Insulin and IL-4 sensitivity was restored to 32D cells by 
expression of IRS-I, the principal substrate of the insulin receptor. Although 32D cells 
possessed receptors for both factors, they lacked the IRS-I-related protein, 4PS, which 
becomes phosphorylated by tyrosine in insulin- or IL-4-responsive lines after stimulation. 
These results indicate that factors that bind unrelated receptors can use similar mitogenic 
signaling pathways in hematopoietic cells and that 4PS and IRS-1 are functionally similar 
proteins that are essential for insulin- and IL-4-induced proliferation. 

Insulin receptor substrate-1 (IRS-1) is a 
hydrophilic protein that undergoes tyrosine 
phosphorylation immediately after insulin 
stimulation (1). It contains 20 phosphoryl- 
ation sites for tyrosine and 30 for threonine 
and serine but possesses no apparent identity 
with other known proteins (2, 3). Tyrosine- 
phosphorylated sites within IRS-1 associate 
with hieh affinitv to cellular moteins that 
contain-src hokology 2 ( s H ~ )  domains, 
including phosphatidylinositol (PI)-3 ki- 
nase, growth factor receptor-bound protein 
2 (GRBZ) (Sem-5), and SHZ-containing 
protein tyrosine phosphatase-2 (SH-PTPZ) 
(2, 4-6). PI-3 kinase is activated when the 
SHZ domains in its 85-kD regulatory subunit 
(p85a) bind to tyrosine-phosphorylated 
IRS-1 (7, 8). Overexpression of IRS-1 .in 
CHO cells enhances insulin- and insulin- 
like growth factor IIGF- 1 )-stimulated mito- 

and microinjectibn of recombinant 
IRS-1 into Xenopus oocytes mediates insu- 
lin-stimulated oocyte maturation (9). Insu- 
!in receptor mutants that are defective for 
mitogenic signaling are also incapable of 
inducing IRS- 1 phosphorylation (2, 10). 
Although these studies im~lv  that IRS-1 is a - & ,  

component of the insulin signaling pathway, 
they do not provide direct evidence that 
expression of this protein is required for 
insulin action. 

Although the IL-3-dependent myeloid 
progenitor cell lines FDC-P1 and FDC-P2 

do not express IRS-1, in these cells IL-4, 
insulin, and IGF-1 stimulate potent tyro- 
sine phosphorylation of a protein, designat- 
ed 4PS (IL-+induced phosphotyrosine sub- 
strate) (1 1, 12). This substrate behaves like 
IRS-1 in that it strongly associates with 
p85a of PI-3 kinase after factor stimulation 
and migrates at 165 to 175 kD during 
SDS-polyacrylamide gel electrophoresis 
(1 1, 12). The 4PS protein is weakly recog- 
nized by a polyclonal antibody directed 
against IRS-1, and the phosphopeptide pat- 
terns generated by V8 digestion of the two 
proteins are similar but not identical (1 1). 
The concentrations of insulin and IL-4 
required to induce mitogenesis in the FDC 
lines correlate with those needed to stimu- 
late tyrosine phosphorylation of 4PS, which 
suggests that this IRS-1-like substrate 
might participate in IL-4- and insulin-me- 
diated signal transduction in hematopoietic 
cells. 

The 32D line has a myeloid progenitor 
phenotype and is IL-3-dependent like the 
FDC lines (13), but 32D cells did not 
proliferate upon exposure to IL-4 or insulin. 
Induction of DNA synthesis by IL-4 in 32D 
cells was negligible, and insulin had no 
detectable mitogenic effect at any concen- 
tration tested (Fig. 1). In contrast, IL-4 and 
insulin induced efficient DNA synthesis in 
the FDC-P2 line (Fig. 1). Receptor expres- 
sion was examined by saturation binding 
assav: 32D cells had -1200 IL-4 and -500 

L.-M. Wang, S. A Aaronson. J H. Pierce, Laboratory insulin receptors per cell and FDC-P2 cells 
of Cellular and Molecular Biology Natona Cancer had -1800 IL-4 and -750 insulin receptors 
lnst~tute, Bethesda, MD 20892. 
M G Myers, Jr., X -J Sun, M. Whte, Josln Dabetes per (I4)' Because IL-' and 
Center, Department of Medlcne, Harvard Medca  receptor levels in 32D cells were only 
School, ~ o s t o n ,  MA 0221 5. sliehtlv lower than those in FDC-P2 cells. it " ,  
*To whom correspondence should be addressed. seemed unlikely that small receptor num- 
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bers were limiting the mitogenic response of 
32D to IL-4 or insulin. To directly address 
this question, we introduced expression 
vectors that contained murine IL-4 receptor 
or human insulin receptor complementary 
DNAs (cDNAs) into 32D cells by electro- 
poration (1 5). Increased receptor expres- 
sion was observed when representative 
clonal IL-4 receptor (32D.IL-4R) and insu- 
lin receptor (32D.InsR) transfectants were 
compared to the parental 32D line by flow 
cytometric and immunoblot analysis (Fig. 
2, A and B) (16). Saturation binding re- 
vealed that 32D.IL-4R expressed -4600 
IL-4 receptors per cell and 32D.InsR ex- 
pressed -16,000 insulin receptors per cell 
(14)- 

Increased expression of the IL-4 receptor 
in 32D.IL-4R cells allowed IL-4 to induce a 
weak, albeit enhanced, mitogenic response 
when compared to the parental line, and 
insulin treatment of the 32D.InsR transfec- 
tant resulted in similar low [3H]thymidine 
incorporation (Fig. 3, A and B). In contrast 
to that in the FDC-P2 line, tyrosine phos- 
phorylation of 4PS was not detected in 32D 
cells even after receptor overexpression 
(Fig. 3C). IL-4 or insulin stimulation of 
32D and receptor (32D.receptor) transfec- 
tants resulted in tyrosine phosphorylation 
of only a few minor bands (Fig. 3C). Tyro- 
sine phosphorylation of both the IL-4 re- 
ceptor and p-subunit of the insulin receptor 
could be detected when factor-stimulated 
32D.receptor cell lysates were immunopre- 
cipitated with antibodies to phosphoty- 
rosine (anti-phosphotyrosine) and subse- 
quently immunoblotted with receptor-spe- 
cific sera (1 7). Because the p-subunit of the 

Growth factor (nglml) 

Fig. 1. Comparison of the mitogenic response 
induced by 11-4 or insulin in 32D and FDC-P2 
cell lines. The 32D or FDC-P2 cell lines (lo5 
cells per milliliter) were exposed to various 
concentrations of recombinant murine 11-4 or 
human insulin, and DNA synthesis was mea- 
sured after 40 hours. [3H]Thymidine (0.5 pCil 
ml) was added for the last 4 hours of the 
incubation period, and samples were collected 
by an automatic cell harvester and counted by 
liquid scintillation as described (1 1, 12). Data 
points are the mean of triplicate samples and 
are expressed as counts per minute (cpm) of 
incorporated [3H]thymidine. First bars, 32D + 
IL-4; second bars, FDC-P2 + IL-4; third bars, 
32D + insulin; fourth bars, FDC-P2 + insulin. 

insulin receptor is autophosphorylated in 
response to ligand binding and a portion of 
the IL-4 receptor becomes tyrosine-phos- 
phorylated by an unknown kinase that is 
activated upon IL-4 stimulation (12, 18), 
these results provide evidence that both 
transfected receptors are functional despite 
their inability to efficiently mediate ligand- 
dependent mitogenic responses in 32D 
cells. Thus, a lack of 4PS or IRS-1 expres- 
sion might explain the insensitivity of 32D 
cells to IL-4 and insulin. 

Because the gene encoding 4PS has not 
yet been molecularly cloned, an expression 
vector that contained a rat IRS-1 cDNA 
was transfected into 32D and 32D.receptor 
lines (15). IRS-1 was highly expressed in 
the lines transfected with the IRS-1 vector, 
whereas none was detected in the 32D 
parental or 32D.receptor lines as deter- 
mined by immunoblot analysis (1 9). Recep- 
tor expression was not altered after trans- 
fection of the 32D.receptor lines with the 
IRS-1 expression vector, as determined by 
flow cytometric analysis (1 6). 

The ability of IL-4 and insulin to induce 
tyrosine phosphorylation of IRS-1 in the 
different transfectants was next examined. 

100 10' I 02 1 03 

Fluorescence intensity 

Fig. 2. Overexpression of 11-4 or insulin recep- 
tors in the 32D cell line. (A) Expression of 
murine IL-4 receptors on 32D and 32D.lL-4R 
cells as determined by flow cytometric and 
immunoblot (insert) analysis (16). The 11-4 re- 
ceptor-specific bands migrated at 110 to 130 
kD. (B) Expression of human insulin receptors 
on 32D and 32D.lnsR cells as determined by 
flow cytometric or immunoblot (insert) analysis 
(16). The insulin receptor band specific for the 
p-subunit migrated at 97 kD. 

A 

A prominent tyrosine-phosphorylated 170- 
kD band was observed when lysates from 
factor-stimulated 32D.IRS-1 cells or 
32D.receptor.IRS-1 cells were immunopre- 
cipitated with antiserum to IRS-1 and sub- 
sequently immunoblotted with anti-phos- 
photyrosine (Fig. 4A). Although some bas- 
al tyrosine phosphorylation of IRS-1 was 
observed in the transfectants, the amount 
was considerably smaller than that seen 
after factor stimulation. When the same 

L - 
n 

$ - - - 

lysates were both immunoprecipitated and 
immunoblotted with anti-phosphotyrosine, 
a similar pattern was observed (Fig. 4B). 
Phosphotyrosine-containing bands that mi- 
grated below 170 kD were unidentified and 
likely represent degradation products of 
IRS-1 (19). 

Expression of IRS-1 in the parental 32D 
cells permitted IL-4 and insulin to induce a 
distinct mitogenic response (Fig. 4, C and 
D). The response of 32D.IRS-1 cells to IL-4 
or insulin was greater than that of either 
32D.IL-4R or 32D.InsR cells to their re- 
spective ligands. Stimulation of 32D.IL- 
4R.IRS-1 cells with IL-4 or 32D.InsR.IRS-1 
cells with insulin led to even more efficient 
DNA synthesis. Whereas the 32D.IRS-1 
cells did not respond as efficiently as FDC- 
P2 cells to insulin or IL-4, the responses of 
the 32D.receptor.IRS-1 transfectants to 
their respective ligands were comparable to 
those of the FDC-P2 line. Thus, IRS-1 
expression appears to be crucial for IL-4- 
and insulin-stimulated mitogenesis in 32D 
cells. 

The ability of the various 32D transfec- 
tants to grow continuously in medium that 
contained IL-4 or insulin was also analyzed 
(Table 1). The parental 32D and 32D.re- 
ceptor transfectants could not be propagat- 
ed in growth medium supplemented with 

- 32D 

5 5 
- ' L  

n o 0  

Table 1. Long-term growth of 32D and various 
32D transfectants in IL-4 and insulin. Exponen- 
tially growing cells were washed twice and 
plated (5 x lo4  cells per milliliter) in RPMl 1640 
medium supplemented with 10% fetal bovine 
serum and recombinant IL-4 (10 nglml) or hu- 
man insulin (100 nglml). Cells were transferred 
at a split ratio of 1 :10 to 1 :50 biweekly. Those 
cell lines that continued to divide for over 2 
months were scored as positive (+). Cell lines 
that did not survive were retested twice before 
being scored as negative (-). Ins., insulin. 

N N N  
m m ( 1  

IL-4R- (I 

I I 

Growth factor 

Cell line I L-4 
None IL-4 and 

insulin 
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Fig. 3. Comparison of the mitogenic response and 
phosphotyrosine pattern induced by IL-4 or insulin 
in 32D (solid bars) and 32D.receptor (hatched 
bars) transfectants. Analysis of the mitogenic re- 
sponse of (A) 32D and 32D.lL-4R to serial dilutions 
of recombinant murine 11-4 or (B) 32D and 
32D.lnsR to human insulin. DNA synthesis was measured as described (Fig. 1) (1 1, 12). (C) The 
phosphotyrosine pattern induced by 11-4 or insulin in FDC-P2,32D, and 32D.receptor transfectants 
was determined as described (1 1, 12). Briefly, quiescent cells were treated with IL-4 (100 nglml) or 
insulin (1 kg/ml) for 10 min and tysed. Equal amounts of protein (2 mg) from cell lysates were 
immunoprecipitated with anti-phosphotyrosine (UBI, Inc., Lake Placid, New York) and subsequently 
immunoblotted with anti-phosphotyrosine. 

320. 32D 320. 320. 
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Fig. 4. Comparison of the mitogenic response and analysis of phosphotyrosine-containing proteins 
induced by 11-4 or insulin in the different 32D.receptor and 32D.IRS-1 transfectants. Detection of (A) 
tyrosine-phosphorylated IRS-1 induced by 11-4 or insulin in 32D, 32D.IRS-1, and 32D.receptor.lRS-1 
transfectants by immunoprecipitation with an IRS-1-specific polyclonal serum followed by immunoblot 
analysis with anti-phosphotyrosine as described (1 1). (B) Detection of total tyrosine-phosphorylated 
proteins induced by 11-4 or insulin in the 32D, 32D.IRS-1, and 32D.receptor.lRS-1 transfectants as 
determined by immunoprecipitation and subsequent immunoblot analysis with anti-phosphotyrosine (1 1, 
12). (C and D) Analysis of the mitogenic response of (C) 32D.lL-4R. 32D.IRS-1, and 32D.lL-4R.IRS-1 to 
11-4 or (D) 32D.lnsR, 32D.IRS-1, and 32D.lnsR.IRS-1 to insulin as described (Fig. 1) (11, 12). 

IL-4, insulin, or a combination of both 
factors. In contrast, 32D.IRS-1 cells grew 
indefinitely in medium that contained IL-4 
and insulin. Moreover, each 32D.receptor. 
IRS-1 transfectant required only its corre- 
sponding ligand to sustain continued prolif- 
eration. The FDC lines, like 32D.IRS-1, 
can be propagated in a combination of IL-4 
and insulin (I I). Overexpression of IGF-1 
receptors in the FDClPl line results in 
insulin- or IGF-l-dependent long-term 
growth (20). These results suggest that cell 
surface receptor numbers for IL-4 and insu- 
lin are limiting on both 32D and FDC cell 
lines and that dual stimulation leads to an 
additive signal mediated by IRS-1 or 4PS, 
which is sufficient to support continuous 
growth. 

Insulin-induced tyrosine phosphoryla- 
tion of IRS-1 leads to its association with 
the SH2-SH3-containing growth factor re- 
ceptor-bound protein 2 (GRB2) protein 
that is thought to be linked to ras signaling 
(5, 2 1) .  Although insulin stimulation has 
been demonstrated to induce p21" activa- 
tion, it has been reported that IL-4 does not 
affect this important signaling molecule 
(22). Because the IL-4 receptor does not 
contain any known intrinsic tyrosine kinase 
domain (23), IL-4 binding must result in 
activation of an independent cellular tyro- 
sine kinase. Therefore, it is possible that 
stimulation with insulin or IL-4 leads to 
differential tyro5ine phosphorylation of 
IRS-1 or 4PS that, in turn, regulates their 
interaction with different downstream sig- 
naling elements. 

The fortuitous lack of detectable IRS-1 
or 4PS expression in 32D cells has allowed 
us to demonstrate that a specific tyrosine 
kinase substrate can transmit a growth fac- 
tor-initiated signal by two unrelated growth 
factors and should provide a means to de- 
termine if differences exist in insulin and 
IL-4 signal transduction mediated by IRS-1. 
The 32D system will also allow mutational 
analysis of IRS-1 to delineate which regions 
are most important for coupling with mito- 
genic or metabolic signaling pathways. 
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Neuroblast Specification and Formation Regulated 
by wingless in the Drosophila CNS 

Quynh Chu-LaGraff and Chris Q. Doe* 
The Drosophila central nervous system (CNS) develops from a heterogeneous population 
of neural stem cells (neuroblasts), yet the genes regulating neuroblast determination 
remain unknown. The segmentation gene wingless is regionally expressed in the neuro- 
ectoderm from which neuroblasts develop. A conditional wingless mutation is used to 
inactivate CNS function without affecting segmentation. The stripe of wingless-expressing 
neuroectoderm generates apparently normal neuroblasts after wingless inactivation; how- 
ever, adjacent anterior and posterior neuroectoderm requires wingless nonautonomously 
for subsequent neuroblast determination and formation. Loss of wingless results in the 
absence or duplication of identified neuroblasts, highlighting its role in generating neuro- 
blast diversity in the CNS. 

T h e  insect CNS is composed of hundreds 
of neurons, each expressing a unique com- 
bination of neurotransmitters, ion chan- 
nels, receptors, and cell surface molecules. 
The generation of neuronal diversity begins 
immediately after gastrulation, when the 
superficial ventral cells of the embryo form 
a neuroectoderm. Within this neuroecto- 
derm, individual cells enlarge and delami- 
nate inwards to produce a stereotyped, 
subectodermal array of 30 unique neural 
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precursor cells (neuroblasts; NBs) (1 ) . Each 
NB divides according to an invariant cell 
lineage to generate an average of five gan- 
glion mother cells (GMCs) ; subsequently, 
each GMC produces a characteristic pair of 
neurons (2). Genes regulating NB forma- 
tion (3-5) and GMC and neuronal deter- 
mination (6-9) have been identified; how- 
ever, genes controlling NB determination 
have yet to be described. 

The segment polarity class of genes are 
the best candidates for genes controlling 
NB specification (1 0). Many of these genes 
are regionally expressed in the neuroecto- 
derm, and mutations often result in abnor- 

mal CNS development (1 1). One example 
is the wingless (wg) gene, which encodes a 
secreted glycoprotein that is required to 
specify the fate of epidermal cells (12-14) 
and is also required for the development of 
the even-skipped-expressing (evet) RP2 
motoneuron in the CNS (1 1). The CNS 
phenotype could be due to changes in the 
fate of neuroectodermal cells, NBs, GMCs, 
the RP2 neuron, or cell death at any of 
these stages. Here we use a temperature- 
sensitive wg mutation and eight molecular 
markers that label specific subsets of neuro- 
ectodermal cells, NBs, GMCs, and neurons 
to determine the role of wg during CNS 
development. 

The first 10 NBs form about 30 min after 
gastrulation [early stage 9; staging according 
to (15)]. These S1 NBs form an orthogonal 
array of four rows (213, 4, 5, 617) and three 
columns (medial, intermediate, and lateral) 
in each hemisegment (Fig. 1). A second 
phase of NB formation occurs 40 min later 
(mid-stage 9), when the five S2 NBs en- 
large and delaminate (Fig. 1). The wg gene 
is transcribed specifically in row 5 neuroec- 
toderm and NBs ( I ) ,  and the secreted wg 
protein can be detected in the adjacent row 
4 and row 617 neuroectoderm and NBs (12, 
14). To determine the CNS function of wg, 
we assayed expression of our molecular 
markers in embryos homozygous for the 
temperature-sensitive wgIL1l4 mutation 
grown at the restrictive temperature. These 
embryos have an epidermal and CNS phe- 
notype indistinguishable from that of em- 
bryos homozygous for the null wgCX4 allele 
(1 6) and will be referred to as wg- embryos. 

Wild-type and wg- embryos have iden- 
tical patterns of all markers in S1 NBs at 
early stage 9 (1 7). This result suggests that 
wg is not required for the formation or 
initial specification of S1 NBs and is con- 
sistent with previous data showing that loss 
of wg does not affect the formation of 
several identified S1 NBs (18). 

The first CNS p h e n o ~ ~ e  in wg- embryos 
is an alteration in the neuroectodermal pat- 
tern of runt and the enhancer trap line 5953 
at early stage 9 (S1 NB stage). Changes in 
runt and 5953 patterns are documented in 
stage 10 embryos because the staining is more 
intense in older embryos; however, the alter- 
ations shown reflect changes seen at early 
stage 9. In wild-type embryos, runt is observed 
in neuroectoderm of row 213 (Fig. 1A). In 
wg- embryos, runt expression expands into 
row 4 (but not into row 5 or 617), indicating 
that wg nonautonomously represses runt ex- 
pression specifically in row 4 neuroectoderm 
(Fig. 1B). In wild-type embryos, 5953 is 
expressed in row 213, in a patch of cells in row 
4 (where NB 4-2 will delaminate), and in a 
patch of cells in row 5 (Fig. 1C). In wg- 
embryos, there is a selective loss of 5953 
expression in row 4 (Fig. ID), but no change 
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