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The type 1 insulin-like growth factor receptor (IGF-1R), activated by its ligands, protects several cell types
from a variety of apoptotic injuries. The main signaling pathway for IGF-1R-mediated protection from
apoptosis has been previously elucidated and rests on the activation of phosphatidylinositol 3-kinase, Akt/
protein kinase B, and the phosphorylation and inactivation of BAD, a member of the Bcl-2 family of proteins.
In 32D cells (a murine hemopoietic cell line devoid of insulin receptor substrate 1 [IRS-1]), the IGF-1R
activates alternative pathways for protection from apoptosis induced by withdrawal of interleukin-3. One of
these pathways leads to the activation of mitogen-activated protein kinase, while a third pathway results in the
mitochondrial translocation of Raf and depends on the integrity of a group of serines in the C terminus of the
receptor that are known to interact with 14.3.3 proteins. All three pathways, however, result in BAD phos-
phorylation. The presence of multiple antiapoptotic pathways may explain the remarkable efficacy of the

IGF-1R in protecting cells from apoptosis.

The protective effect of the activated type 1 insulin-like
growth factor receptor (IGF-1R) on cell survival has been
known for some time (see Discussion). The variety of proce-
dures used to induce apoptosis suggests that the wild-type
IGF-1R and/or its ligands have a widespread antiapoptotic
effect on many death signals. Indeed, McCarthy et al. (50) have
suggested that only insulin-like growth factor 1 (IGF-1) and
Bcl-2 truly suppress the initiation of the apoptotic program
while inhibitors of caspases can arrest the completion of the
program but have no effect on its initiation. The mechanism by
which the IGF-1R protects cells from apoptosis has been the
object of a series of investigations, culminating in a reasonable
elucidation of the main pathway used by this receptor for
protection against apoptotic injuries. This pathway originates
with the interaction of the IGF-1R with one of its major sub-
strates, insulin receptor substrate 1 (IRS-1) (53), which acti-
vates phosphatidylinositol 3-kinase (PI3-ki), which in turn ac-
tivates Akt/protein kinase B (PKB) (17, 34, 36, 38). The
concluding step is the phosphorylation, by Akt/PKB, of BAD
(13, 14), one of the members of the Bcl-2 family of proteins
(see below). This antiapoptotic mechanism is also used by the
insulin receptor (IR), at least in mouse embryo fibroblasts (62).

The connection between the IGF-1R and BAD is an impor-
tant one, since Bcl-2 and the proteins constituting the Bcl-2
family also play an important role in the apoptotic process.
There are only a few reports of a link between the IGF-1R and
the Bcl-2 family of proteins. For instance, there are two reports
(58, 79) indicating that the activated IGF-1R may modulate
the level of expression of Bcl-X; by increasing the protein
levels. Among other proteins of the Bcl-2 family, BAD is
known to be a heterodimeric partner for both Bcl-X; and
Bcl-2, neutralizing their protective effect and promoting cell
death (91). As mentioned above, in response to survival fac-
tors, including IGF-1 (13), the Akt/PKB pathway is activated
(21); additionally, BAD is serine phosphorylated by Akt, is no
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longer capable of forming a heterodimer with Bcl-X; at mem-
brane sites, is sequestered in the cytosol (bound to 14.3.3), and
is inactivated as a cell death-promoting protein (94). The var-
ious effects of the IGF-1R (mitogenesis, protection from apo-
ptosis, transformation, and differentiation) have been recently
mapped to different domains of the receptor (3, 85). It would
therefore be relevant, in itself, to investigate the relationship
between BAD phosphorylation and the domains of the
IGF-1R that are required for this process. This investigation is
also justified by a recent report (39) that the IGF-1R may
protect cells from apoptosis independently of BAD phosphor-
ylation.

There is another reason to investigate this relationship.
While it is clear that the above-mentioned pathway is the main
pathway by which the IGF-1R exerts its antiapoptotic effect,
some investigators have suggested that this receptor must have
alternative pathways. The first clue to alternative pathways has
been provided by 32D cells, a murine hemopoietic cell line (26)
that is dependent on interleukin-3 (IL-3) for growth and un-
dergoes apoptosis after IL-3 withdrawal. 32D cells lack both
IRS-1 and IRS-2 (88, 92, 95); yet, when overexpressing the
wild-type IGF-1R, they are protected from apoptosis and ac-
tually grow in the absence of IL-3 (16, 61). Interestingly, 32D
cells fail to grow without IL-3 when overexpressing the IR,
although they do grow without IL-3 when stably transfected
with plasmids expressing both the IR and IRS-1 (reference 88
and this paper). Overexpression of IRS-1, by itself, offers only
partial protection under the same conditions (93, 95). This
alternative pathway is also suggested by the finding that inhib-
itors of PI3-ki fail to abrogate the protective effect of the
IGF-1R against apoptosis (39, 84). Thus, it seems that for
mitogenesis and/or survival the IGF-1R can use a pathway that
is IRS-1 independent and is not shared with the IR. This is
confirmed by the observation that the IGF-1R and the IR have
similar antiapoptotic properties when transfected into mouse
embryo fibroblasts, which have substantial amounts of IRS
proteins (62). The existence of alternative signaling in IGF-
1R-mediated survival has also been suggested by other inves-
tigators. One suggested that the alternative pathway could
involve the mitogen-activated protein kinase (MAPK) pathway
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(57), which originates, at least in part, from another major
substrate of the IGF-1R, the Shc proteins (63, 73, 74).

In this investigation, we have asked two specific questions.
First, which domains of the IGF-1R are required for the phos-
phorylation of BAD? Are they exactly the same as the domains
required for protection from apoptosis, or are there differ-
ences? Second, which is the alternative pathway(s) used by the
IGF-1R to protect 32D cells from apoptosis?

The answer to the first question is that in 32D cells, BAD
phosphorylation correlates quite well with IGF-1-dependent
survival, and the IGF-1R mutants that sustain survival also
maintain high levels of BAD phosphorylation. The answer to
the second question is that the IGF-1R, although capable of
using the same PI3-ki/Akt/BAD pathway already repeatedly
demonstrated in other cells (13, 17, 38), activates at least two
alternative pathways that still lead to BAD phosphorylation.

MATERIALS AND METHODS

Plasmids. pHIT60 and pHIT123 were kindly provided by Alan Kingsman
(Oxford University, Oxford, United Kingdom) and are described elsewhere (80).
pMSCV neo EB was kindly provided by Robert G. Hawley (University of To-
ronto, Toronto, Ontario, Canada) and is described by Hawley et al. (29). pMSCV
neo IR is described by Prisco et al. (62). The wild-type IGF-1R and all of its
mutants are described by Romano et al. (70) (for the retroviral vectors) as well
as by D’Ambrosio et al. (11), Hongo et al. (30), and O’Connor et al. (56) (for the
original plasmids). pLXSP M-Raf-1 is described by Salomoni et al. (72).

Full-length BAD cDNA was cloned as follows. An aliquot of cDNA obtained
after reverse transcription of 2 ng of total RNA from 32D cells was subjected to
PCR with the following primers: forward, 5" ATGGGAACCCCAAAGCAGCC
3’; and reverse, 5’ AGAAGATCACTGGGAGGGGGT 3'. The 620-bp PCR
fragment was directly cloned by using a TA cloning kit (Invitrogen), and its
identity was confirmed by automatic sequencing, using a Tag Dye Deoxy Ter-
minator Cycle Sequencing kit (Applied Biosystems). Full-length BAD cDNA was
then subcloned at the EcoRI site of the pLXSP retroviral vector (59).

Cell lines and retroviral infections. 32D clone 3 cells, described by Valtieri et
al. (86), were transduced with a murine leukemia virus-based retroviral vector
(80) to express the wild-type IGF-1R, its various mutants, or the IR. 32D/IRS-1
cells, described by Wang et al. (88), were transduced with pMSCV neo IR to
generate 32D/IRS-1/IR. All mixed populations were selected in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine,
10% conditioned medium from the murine myelomonocytic cell line WEHI-3B
as a source of IL-3 (61), and 1 mg of G418/ml. 32D cells and derivative cell lines
were transduced with pLXSP-BAD, and the selection was carried out with 1.5 pug
of puromycin/ml. There were no differences in growth properties or survival
between the parental cell lines and those carrying the BAD plasmid.

Survival assay. Cells growing exponentially were washed three times with
Hanks balanced salt solution (HBSS) and seeded (5 X 10*/35-mm-diameter plate
in 2 ml of medium) in RPMI 1640 supplemented only with 10% FBS; RPMI 1640
supplemented with 10% FBS and 10% WEHI cell-conditioned medium as a
source of IL-3, with or without LY294002 (20 pM); or RPMI 1640 supplemented
with 10% FBS and 50 ng of IGF-1 or insulin (Gibco BRL)/ml, with or without
PD98059 (50 uM) or LY294002 (10 uM). Cell numbers were determined in
duplicate after 24 and 48 h; only cells excluding trypan blue were counted as
viable.

Evidence of apoptosis. DNA strand breaks were labeled with biotinylated
dUTP (Boehringer Mannheim), using exogenous terminal deoxynucleotidyl
transferase (TdT; Boehringer Mannheim). Cells were fixed on ice with buffered
10% methanol-free formaldehyde (Polyscience, Inc.) for 20 min, incubated with
70% ethanol for 1 h at —20°C, and washed three times with phosphate-buffered
saline (PBS). DNA strand breaks were detected by in situ labeling of free 3'-OH
ends on DNA. Fixed cells were incubated with 50 pl of a reaction mixture (5 U
of TdT, 2.5 mM CoCl,, 0.2 M potassium cacodylate, 25 mM Tris-HCl, 0.25%
bovine serum albumin, and 0.5 nM biotin—16-dUTP) for 30 min at 37°C and then
incubated with staining solution (5 pg of fluorescein isothiocyanate/ml, 4X SSC
[1X SSC is 0.15 M NaCl plus 0.015 M sodium acetate], 0.1% Triton X-100, and
5% nonfat dry milk) for 30 min at 37°C. DNA strand breaks were visualized
under a fluorescence microscope equipped with a set of excitation-emission
filters for fluorescein (excitation, blue; emission, green). To visualize all nuclei,
total DNA was additionally stained with 500 pg of bisbenzimide H33258 (Sig-
ma)/ml. Vectashield (Vector Laboratories, Burlingame, Calif.) mounting me-
dium was subsequently applied, and the bromodeoxyuridine labeling index was
determined by using a Zeiss microscope in the epifluorescence mode (magnifi-
cation, X500).

IGF-1R and IR expression levels. Cells growing exponentially were lysed in a
lysis buffer (20 mM Tris-HCI [pH 8.0], 1% NP-40, 10% glycerol, 137 mM NaCl,
1 mM CaCl,, 1 mM MgCl,, 1 mM sodium orthovanadate, 50 mM NaF, 10 ug of
leupeptin/ml, 10 pg of aprotinin/ml, 1 mM phenylmethylsulfonyl fluoride
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[PMSF]), and 20-pg quantities of whole-cell lysates were run on a sodium
dodecyl sulfate (SDS) 4 to 15% polyacrylamide minigel (Bio-Rad) and then
transferred to a nitrocellulose membrane (Schleicher & Schuell). After being
blocked with 5% nonfat milk in TBS-T (10 mM Tri-HCI [pH 7.5], 150 mM NaCl,
0.1% Tween 20), filters were probed with an antibody to the o or 8 subunit of the
IGF-1R or to the B subunit of IR (Santa Cruz Biotechnology, Inc.). Detection
was carried out with the ECL system (Amersham Life Science).

BAD detection. Exponentially growing cells were washed three times with
HBSS and seeded in RPMI 1640 supplemented with 10% FBS only, with 10%
FBS and 10% IL-3 (see above), or with 10% FBS and 50 ng of IGF-1 or insulin
(Gibco BRL)/ml, with or without PD98059 (50 uM) or LY294002 (50 wM). Cells
were harvested at various hours after IL-3 withdrawal and lysed as described
before; 80-ug quantities of the whole-cell lysates were resolved on an SDS-15%
polyacrylamide gel (30% acrylamide-bisacrylamide solution [29:1] and TEMED
were from Bio-Rad; ammonium persulfate was from Sigma) and transferred to
a nitrocellulose membrane. The anti-BAD antibody was from Transduction
Laboratories. When required, the filters were stripped at 50°C for 30 min with a
stripping buffer (100 mM 2-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCI [pH
6.7]) and incubated with anti-Grb2 (Transduction Laboratories).

AKT assay. Cells were washed three times with HBSS and seeded (3 X 10°/ml)
in RPMI 1640 supplemented with 10% FBS. After 5 h, the cells were stimulated
with (i) 10% WEHI-conditioned medium for 10 min; (ii) 50 pM LY 294002 for
15 min, followed by 10% WEHI-conditioned medium for 10 min; (iii) 50 ng of
IGF-1 or insulin/ml for 10 min; or (iv) 50 uM LY 294002 for 15 min, followed by
50 ng of IGF-1 or insulin for 10 min. Cells were lysed after stimulation. The lysis
was performed as described above, and 50-ug quantities of the whole-cell lysate
was loaded on an SDS—4 to 15% polyacrylamide minigel, subjected to electro-
phoresis, and transferred to a nitrocellulose filter. Phosphorylated AKT and total
AKT were detected by using a Phosphoplus AKT (Ser473) antibody kit (New
England Biolabs), which provides both phosphospecific AKT and AKT protein
antibodies.

MAPK activation. 32D cell lines were incubated in serum-free medium for 3 h,
stimulated with 50 ng of growth factor (IGF-1, IGF-2, or insulin)/ml for various
periods of time, collected by centrifugation, and rinsed in ice-cold PBS. Cells
were lysed in 100 pl of lysis buffer (50 mM HEPES [pH 7.5], 150 mM Nac(l, 1.5
mM MgCl,, 1 mM EGTA, 10% glycerol, 1% Triton X-100, 0.1 mM PMSF, 0.5
pg of aprotinin/ml, 0.5 wg of leupeptin/ml, and 0.1 mM Na; VO,). Lysates (100
pg/lane) were resolved on 10% polyacrylamide gels, transferred to nitrocellulose,
and immunoblotted with a phosphospecific antibody against ERK1/ERK2 as
recommended by the manufacturer (Promega, Madison, Wis.). To confirm equal
loading of proteins, filters were stripped and reblotted with an anti-ERK1 anti-
body which recognizes both ERK1 and ERK2 (Santa Cruz).

Immunoprecipitation. Cells were washed three times with HBSS and seeded
in RPMI 1640 supplemented with 10% FBS only, with 10% FBS and 10% IL-3
(WEHI cell-conditioned medium), or with 10% FBS and 50 ng of IGF-1 (Gibco
BRL)/ml, with or without PD98059 (50 .M). Cells were harvested after 16 h and
lysed as described above. Cell lysate (350 pg) was immunoprecipitated with an
anti-BAD antibody (Santa Cruz). After resolution on an SDS-15% polyacryl-
amide gel and transfer to a nitrocellulose membrane, the immunoprecipitate was
probed with an anti-14-3-3-B antibody (Santa Cruz). The filter was stripped and
probed with the anti-BAD antibody (Transduction Laboratories).

Detection of mitochondrial Raf-1. Exponentially growing cells were washed
five times with HBSS and seeded in RPMI 1640 medium supplemented with 10%
FBS only, with 10% FBS and 10% IL-3 (WEHI cell-conditioned medium), or
with 10% FBS and 50 ng of IGF-1/ml. Cells were harvested after 30 h, washed
twice with cold PBS, and lysed in buffer A (20 mM HEPES, 10 mM KCl, 1.5 mM
MgCl,, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, 1 mM
PMSF, 10 wg of leupeptin/ml, 10 pg of aprotinin/ml, 10 mM benzamidine, 0.2
mM sodium orthovanadate) at 4°C for 30 min. After homogenization (25 strokes
with a Dounce homogenizer B pestle), samples were centrifuged two times
(2,500 x g for 5 min) to remove the nuclei and centrifuged again at 13,000 X g
for 30 min to obtain the heavy membrane pellet. This fraction was resuspended
in buffer A and centrifuged again at 13,000 X g for 30 min. Finally, the pellet was
resuspended in lysis buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 5 mM
EDTA, 0.5% Triton X-100, 10 pg of aprotinin/ml, 1 mM PMSF, 1 mM sodium
orthovanadate). Samples were then centrifuged at 13,000 X g for 20 min and
measured for protein content. After SDS—4 to 15% polyacrylamide gel electro-
phoresis and blotting to membranes were performed, the membranes were
probed with a Raf-1 antibody (Transduction Laboratories). The membranes
were then stripped and reprobed with a cytochrome oxidase subunit IV antibody
(Molecular Probes).

Inhibitors. LY294002 was from BioMol. PD98059 was from New England
Biolabs.

RESULTS

In previous experiments with 32D and other hemopoietic
cell lines, the cells were stably transfected with plasmids ex-
pressing the wild-type IGF-1R or one of its mutants (16, 56,
61). In all of the following experiments, 32D cells were trans-
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TABLE 1. Retroviral vectors expressing the IGF-1 receptors used
in these experiments”

Vector Mutation(s)

GR15 None (wild-type receptor)

GRI18.... Tyrosines 950, 1131, 1135, and 1136 to phenylalanines
GR2S ... Residues 1289, 1290, 1293, and 1294 to alanines
GR3S.............. Serines at positions 1280 to 1283 to alanines

GR36.... Truncated at residue 1245

GRA46.... Tyrosine 950 to phenylalanine

GR47 ... Residues 1293 and 1294 to alanines

GR48.............. Tyrosines 1131, 1135, and 1136 to alanines

“ The following mutant vectors have been previously described in plasmids:
GR35 (43), GR46 (52), GR36 and GR47 (30), and GR48 (42). The generation
of the other mutants and their insertion into retroviruses have been described by
Romano et al. (70).

duced with retroviral vectors (see Materials and Methods),
which have two advantages: (i) the efficiency of transduction is
high (very useful in 32D cells, which are notoriously difficult to
transfect) and allows the selection of mixed populations, thus
avoiding clonal variations; and (ii) the level of expression of
the insert is usually reasonably uniform and high enough to
ensure that most of the cells have a sufficient number of re-
ceptors to carry out adequately the various functions of the
IGF-1R. Table 1 gives a list of the retroviral vectors used in
these experiments; the 32D cell lines generated by transduc-
tion carry the same names as the retroviral vectors.

As a preliminary study, we determined the optimal levels of
IGF-1 to be added to the FBS for protection of cells from
apoptosis. Figure 1A shows that the parental 32D cells die very
rapidly after IL-3 withdrawal, with 80 to 90% of the cells
already dead by 24 h; only at 50 ng of IGF-1/ml does one notice
a slight improvement in survival. With 32D/GR15 cells (wild-
type receptor), survival at 24 h is already almost complete at 10
ng of IGF-1/ml; at higher concentrations, the cell numbers
actually increase. However, if the cells are counted at 48 h, it
is evident (Fig. 1B) that at least a 40-ng/ml concentration of
IGF-1 is required to maintain the cell number above the num-
ber of cells plated. At lower concentrations, the cells begin to
die. In all subsequent experiments, the FBS was supplemented
with 50 ng of IGF-1/ml.

Survival of 32D cells expressing mutant IGF-1 receptors.
Figure 2 shows the survival of the various 32D cell lines (Table
1) at 24 h (Fig. 2A) and 48 h (Fig. 2B) after IL-3 withdrawal.
With the same clone of 32D cells (clone 3), we had already
shown that an overexpressed IGF-1R promotes survival and
stimulates cell growth (14, 57, 90). This is again confirmed in
Fig. 2A. All cell lines grew very well in the presence of IL-3
(data not shown), and all cell lines died in FBS without IGF-1
(Fig. 2). At 24 h after IL-3 withdrawal, the addition of IGF-1
had little or no effect on the survival of parental 32D cells,
32D/GR18 (Y950F/3YF), or 32D/GR48 (3YF). The number of
32D/GR46 (Y950F) cells was about 10% lower than the num-
ber of cells plated, but the cells responded to IGF-1 (compare
with the same cells in FBS only). All of the other cell lines
survived and grew with IGF-1. Clearly, the tyrosine kinase
domain is essential for protection from apoptosis while the
Y950F mutant receptor offers diminished protection.

The results were slightly different at 48 h after IL-3 with-
drawal (Fig. 2B; note the different scale of the ordinate above
the baseline). The wild-type receptor and three of the mutant
receptors were still effective in protection of cells from apo-
ptosis. However, 32D/GR46 cells were now dying almost to the
same degree as 32D/GR48 cells, and one other mutant joined
the group of antiapoptosis-defective receptors: 32D/GR35, the
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FIG. 1. Effect of IGF-1 concentrations on survival of 32D cells expressing the
wild-type IGF-1R. Parental 32D cells (open bars) and 32D cells expressing the
wild-type IGF-1R (closed bars) were cultured in medium containing 10% FBS
and the indicated concentrations of IGF-1. The percentages of surviving cells
were determined at 24 h (A) and 48 h (B) after removal of IL-3 (WEHI-
conditioned medium).

4-serine mutant. Note that both the GR35 and the GR46
receptors were still functional receptors, since addition of
IGF-1 increases cell survival (compare cells in IGF-1 with cells
in FBS only in Fig. 2A). Furthermore, these same mutant
receptors were found to protect mouse embryo fibroblasts
(which have IRS-1) from a form of apoptosis called anoikis
(70).

The levels of expression of the wild-type and mutant IGF-
1R, as evidenced by Western blotting, are shown in Fig. 2C.
Parental 32D cells actually do have low levels of IGF-1R (16,
61), but it was not detectable under the conditions used in this
experiment. Although there were variations, all transduced cell



7206 PERUZZI ET AL.

A 0320

M 32D/GR15 (WT IGF-IR)

O 32D/GRI18 (950-1131/35/36 mut.)
£ 32D/GR25 (1289/90/93/94 mut.)
B 32D/GR35 (1280/81/82/83 mut,)

32D/GR36 (del. 1245)
32D/GR46 (950 mut.)

[ 32D/GR47 (1293/94 mut.)
32D/GR48 (1131/35/36 mut.)

% increase or decrease over plated cell number
=
2

FBS+IGF-I

FBS

% increase or decrease over plated cell number

FBS+IGF-I

FBS

MoL. CELL. BIOL.

C
> Q
FEFE S
S )
PP PP P PP S
IGFIRB o W e s S o 5
&
¢
@‘*\e"f
P P
e |
D E

FIG. 2. Survival of 32D cells expressing wild-type (WT) and mutant IGF-1R. 32D cells were stably transduced with retroviral vectors expressing the indicated
receptors (see also Table 1), and survival was determined at 24 h (A) and 48 h (B) after IL-3 withdrawal. FBS+IGF-1, 10% FBS plus IGF-1 (50 ng/ml), no IL-3; FBS,
10% fetal bovine serum, no IGF-1 or IL-3. The behavior in FBS supplemented with IL-3 was omitted since all cell lines grew vigorously in this medium. mut., mutation;
del., deletion. (C) Western blots for the IGF-1R of the cell lines used in panels A and B. In all instances, we used an antibody to the C terminus of the IGF-1R (see
Materials and Methods), except for GR36, that is truncated at residue 1245. For this receptor, we used an antibody to the o subunit. (D) Staining for DNA. (E) TUNEL
staining. The upper figures are for the GR18 mutant; the lower figures are for the GR15 cells (wild-type receptor).

lines overexpressed the IGF-1R. By comparing the 32D-de-
rived cells and mouse embryo fibroblast cell lines having a
known number of IGF-1R (71) in Western blot experiments,
we estimated the average number of IGF-1R in the 32D cell
lines as ranging from 1 X 10° to 2 X 10’ receptors/cell, con-
siderably above the number required for full IGF-1R activity,
which is 3 X 10® receptors/cell (71). Note that the GR36
receptor (truncated at residue 1245) can only be detected with
an antibody to the a subunit.

Although it has been repeatedly shown that IL-3 withdrawal
causes apoptosis of 32D cells (16, 69, 93, 95), we have moni-
tored our cells by the TdT-mediated dUTP-biotin nick end
labeling (TUNEL) method. Representative results are given in
Fig. 2D and E, where two cell lines are shown: GR15 and the
tyrosine kinase mutant, stained both for DNA and for apopto-
tic cells. In all instances in which the cell number decreased,
the cells were shown to undergo apoptosis. One word of cau-
tion is necessary. With some mutants (and in the parental
cells), cell death is so rapid after IL-3 withdrawal that one has
to examine them within 14 h. By 24 h, most cells have disin-
tegrated.

The IR and IRS-1 in 32D cells. As mentioned in the intro-
duction, 32D cells are completely devoid of both IRS-1 and
IRS-2 (88, 93, 95). The experiments just described and previ-

ous reports from the literature (93, 95) indicate that IRS-1
offers partial protection from apoptosis. It is not, however, as
effective as the wild-type IGF-1R. In a previous report, Wang
et al. (88) had reported that overexpression of the IR in 32D
cells was not sufficient for insulin stimulation of thymidine
incorporation; however, when 32D cells overexpressed both
the IR and IRS-1, they responded to insulin by undergoing
DNA synthesis (Fig. 4 of their paper). On the contrary, over-
expression of the IGF-1R is known to completely protect 32D
cells from apoptosis caused by IL-3 withdrawal and to actually
stimulate their growth (16, 61, 95). We confirm these reports in
Fig. 3A. The IR offered no protection at all; the 32D/IR cells
behaved essentially as the parental cells. 32D cells expressing
IRS-1 did better when insulin was added to the medium. When
both the IR and IRS-1 were overexpressed, the cells survived
and grew, almost as well as 32D/GR15 cells. In these experi-
ments, the IR and IR/IRS-1 cells were stimulated with insulin
while the 32D/GR15 cells were stimulated with IGF-1.
Figure 3B shows that the levels of expression of the IR were
essentially similar in the cell lines overexpressing this receptor;
a comparison with cells expressing the IGF-1R indicates that at
least 2 X 10° IR/cell were expressed (data not shown). As in
the case of the Western blot for the IGF-1R, the IR of parental
32D cells was not detectable under the conditions used, al-
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FIG. 3. Survival of 32D cells expressing the IR and/or IRS-1. The cell lines
used were 32D cells expressing either IRS-1 only (32D/IRS-1), the insulin re-
ceptor only (32D/IR), or both (32D/IRS-1/IR). (A) Survival was determined at
24 h after IL-3 withdrawal. 32D/GR15 cells and parental 32D cells are also
shown for comparison. FBS+GF, FBS supplemented with insulin (50 ng/ml),
with the exception of the 32D/GR15 cells, which were supplemented with IGF-1
(50 ng/ml). WT, wild type. (B) Levels of expression of the IR in the two cell lines
overexpressing it.

though 32D cells did have a small number of IR (88). The
levels of IRS-1 in these cells have already been published in
several reports from this and other laboratories (88, 95). Our
results therefore clearly establish that in 32D cells, under the
same conditions, the IGF-1R (but not the IR) can dispense
with IRS-1 (or IRS-2) for protection from apoptosis caused by
IL-3 withdrawal.

Phosphorylation of BAD. BAD can be detected under ap-
propriate conditions as two separate bands, the upper band
being the phosphorylated form of BAD and the lower band the
hypophosphorylated or dephosphorylated form of BAD (94).
For simplicity, we will refer to the lower band as the dephos-
phorylated form of BAD. Figure 4 shows BAD phosphoryla-
tion in the various 32D cells tested for survival in Fig. 2 and 3.
Although experiments were carried out at several intervals
after IL-3 withdrawal, for clarity we are presenting only the
results obtained at 3 h (Fig. 4). The experiments have been
repeated several times, especially with certain cell lines. The
variations in BAD levels were largely due to our efforts to show
the best exposure, which will give the most information on the
state of BAD phosphorylation. In the presence of IL-3, all cell
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FIG. 4. BAD phosphorylation in 32D cells expressing the wild-type and mu-
tant IGF-1 receptors. BAD phosphorylation was determined, as described in
Materials and Methods, under three different sets of conditions, all in medium
with 10% FBS: with IL-3, with IGF-1 (I), or with no additions. BAD phosphor-
ylation was determined at 3 h after IL-3 withdrawal. The cell lines and the
treatments are indicated above the BAD blots. In the case of the cell lines
expressing IRS-1, the IR, or both, the FBS was supplemented with insulin (50
ng/ml). In all other cases, IGF-1 (50 ng/ml) was used. Under the BAD blots are
Western blots of Grb2, used as indicators of protein amounts in each lane.

lines showed two forms of BAD, with the phosphorylated form
predominating over the dephosphorylated form, as expected
(94). In some cases, only the phosphorylated form was visible;
in other cases, both forms were detectable, but the phosphor-
ylated form was in excess over the dephosphorylated form. In
the presence of FBS (no IGF-1 added), all cell lines promptly
lost, within 3 h, the phosphorylated form of BAD, which was
barely or no longer detectable. The only exception was the
32D/IRS1/IR, for which the two forms seemed to be in equi-
librium. When IGF-1 was added to the medium, BAD was still
predominantly in the phosphorylated form in 32D cells ex-
pressing the wild-type receptor (GR15), the 1290 region mu-
tant (GR25), the 4-serine mutant (GR35), the 81245 mutant
(GR36), the GR46 mutant (Y950F), and the 1293/1294 mutant
(GR47). These are the same cell lines that survived at 24 h
when IL-3 was withdrawn (Fig. 2). The only exception was the
GR46 cells (Y950F), which were only partially protected after
IL-3 withdrawal. With the cell lines that did not survive (pa-
rental cells, GR18, and GR48), the phosphorylated form of
BAD was already markedly decreased after 3 h in the absence
of IL-3, despite the presence of IGF-1. Thus, there is an almost
perfect correlation between survival at 24 h and BAD phos-
phorylation at 3 h. The results were essentially the same at 16 h
after IL-3 withdrawal, with two notable differences. In surviv-
ing cell lines, the level of phosphorylated BAD remained high,
while in the cells expressing the YOS0F (GR46) mutant or the
4-serine mutant (GR35), the dephosphorylated form became
predominant. We will return to these two mutant receptors
later. The same correlation was seen with the 32D cells ex-
pressing either IRS-1, the IR, or both. Cell survival correlated
with BAD phosphorylation.

An objection may be raised that 32D cells that were not
protected from apoptosis might have been losing phosphory-
lated BAD because protein synthesis or degradation in general
might have been altered. As a control, we used Grb2, an



7208 PERUZZI ET AL.

A

j 8% § 8
N N
i § 5 g
2 s = =
'!. 2 =<
: 100 2 &
} = m 32D/GR15 (WT IGF-IR)
3 . © 32D/RS-1IR
g -
® -0
B
32D/GRIS 32D/ARS-1/IR
IL-3 IGFI  IL3 INS
LY294002 4 - 4+ -+ -+
P-AKT == |"“ —_— p— = l
C
32D/GR15 32D/IRS-VIR
IGF-I INS
LY294002 - + - +

Bap | R e

FIG. 5. Effect of PI3-ki inhibitors on survival of 32D cells. (A) Cell survival.
32D/GR15 and 32D/IRS1/IR cells were incubated in medium with FBS only or
with FBS supplemented with the respective growth factors (GF) (IGF-1 for
32D/GR1S5, insulin for 32D/IRS1/IR cells, or IL-3), plus or minus the indicated
concentrations of L'Y294002, an inhibitor of PI3-ki. The numbers of surviving
cells were determined at 24 h after IL-3 withdrawal and addition of the growth
factors and the inhibitor. WT, wild type. (B) Phosphorylation (upper panel) and
amounts (lower panel) of Akt/PKB in the same cell lines and with different
treatments. The presence (+) or absence (—) of LY294002 (10 M) is indicated.
P-AKT, phosphorylated Akt. (C) BAD phosphorylation under the same condi-
tions.

adapter protein of the IGF-1R signaling pathway. We have
previously reported that in 32D cells, even at 16 h and even in
cells programmed for cell death, many proteins are still present
in normal amounts—for instance, Grb2, exogenous IRS-1, and
the simian virus 40 T antigen (95). We have confirmed these
results in Fig. 4, where we show the levels of Grb2 in the
various cell lines at 3 h after IL-3 withdrawal. Interestingly,
Grb2 was still detectable at normal or only slightly decreased
amounts even at 16 h after IL-3 withdrawal, even in cells
programmed to die (data not shown), confirming our previous
findings (95).

Effect of PI3-ki inhibitors on survival of 32D-derived cells.
IRS-1 is a major player in the activation of PI3-ki (2, 53, 54).
Since IRS-1 is absent from parental 32D cells, we tested the
effect of PI3-ki inhibitors on the survival of selected 32D cell
lines. We tested two inhibitors: LY294002 and wortmannin.
The results of several experiments with LY294002 are summa-
rized in Fig. 5A. LY294002 (10 nM) completely abrogated the
survival of 32D/IRS1/IR cells, thus confirming the necessity of
PI3-ki for the antiapoptotic effect of the IR-IRS-1 combina-
tion. However, 32D/GR15 cells survived even this high con-
centration of inhibitor, indicating that the antiapoptotic effect
of the IGF-1R has an alternative pathway which is not shared
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by the IR. Cells in IL-3 were also resistant to LY294002, even
at a concentration of 20 wM. Essentially the same results were
obtained with wortmannin (data not shown). These experi-
ments confirm and extend the findings of Kulik and Weber
(39).

Phosphorylation of Akt in 32D-derived cells. We have expe-
rienced some problems in obtaining reproducible results for
PI3-ki activity in 32D cells, and for this reason we elected to go
directly to the activation of Akt/PKB, which is achieved with
PI3-ki (21) (see above). In addition, Akt/PKB activation is
important for BAD phosphorylation (13). We tested Akt acti-
vation by using an antibody that detects an activated Akt in cell
lysates (see Materials and Methods). All cells in IL-3 had
activated Akt (Fig. 5B), as expected (81). Akt was also acti-
vated in 32D/GR15 cells after supplementation with IGF-1,
but not as markedly as in 32D/IRS1/IR cells following stimu-
lation with insulin (Fig. 5B). It is true that there was more Akt
protein in the lanes of the 32D/IRS1/IR cells, but even so,
IGF-1 stimulation of 32D/GR15 cells seemed to be less effec-
tive than insulin stimulation of 32D/IRS1/IR cells. The modest
activation by IGF-1 of Akt in 32D/GR15 cells can be attributed
to the reported binding of the p85 subunit of PI3-ki to tyrosine
1316 of the receptor (76). Addition of LY294002 abrogates the
activation of Akt, even in 32D/GR15 cells, which survive under
these conditions. These results indicate that the IRS-1 pathway
is the major activating pathway of Akt in 32D/IRS1/IR cells
and that the PI3-ki inhibitors effectively block this pathway.
Akt activation alone, however, does not explain the protective
effect of the IGF-1R, since Akt/PKB activation was abrogated
by LY294002 in 32D/GR15 cells and yet these cells survived.
The lower panel of Fig. 5B shows that the amounts of Akt/PKB
protein in untreated cells and in cells treated with the PI3-ki
inhibitors were essentially the same.

Under the same conditions, BAD remained phosphorylated
in 32D/GR15 cells, even in the presence of LY294002 (Fig.
5C). However, in 32D/IRS1/IR cells, the addition of LY294002
caused the complete disappearance of the phosphorylated
form while the dephosphorylated form was clearly detectable.
These experiments confirm the importance of the PI3-ki/Akt
pathway in survival mediated by IRS-1, while the IGF-1R
maintains survival and BAD phosphorylation even in the pres-
ence of PI3-ki inhibitors.

Role of MAPK in the antiapoptotic function of the IGF-1R.
Activation of MAPK has often been implicated in protection
from apoptosis by a variety of agents (45), including IGF-1
(57). Activation of MAPK by the IR or the IGF-1R is also very
well established (see, for instance, reference 32). The work of
Morris White and collaborators has indicated that IRS-1 plays
a major role in MAPK activation by the IR (89); in its absence,
MAPK activation is strongly reduced. Figure 6A confirms that
MAPKs (both ERK-1 and ERK-2) were phosphorylated in
32D/GR15 cells stimulated with IGF-1. The activation was
sustained for at least 1 h. In the absence of an overexpressed
IGF-1R (32Dneo), we could not detect activation of MAPK by
IGF-1. Activation of MAPK was also detectable in 32D/GR35
cells, although after an initial burst the level of activation
decreased,; it was still detectable at 1 h. Not so with the Y950F
mutant (GR46), in which stimulation by IGF-1 resulted in a
sharp increase in MAPK activation at 10 min, with a return to
basal levels immediately afterward. These experiments have
been repeated several times, and we have also tested other 32D
cell lines expressing mutant receptors. All of the cell lines that
survived after addition of IGF-1 had a sustained activation of
MAPK, but for simplicity we are showing only the results for
the cell lines that are relevant in subsequent experiments. The
inability of the Y950F mutant receptor to induce a sustained
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FIG. 6. Role of MAPK in IGF-1R-mediated survival of 32D cells. (A) MAPK activation in selected cell lines. MAPK phosphorylation and protein amounts were
determined as described in Materials and Methods. Stimulation was with IGF-1 (50 ng/ml), and lysates were prepared at the times (in minutes) indicated above the
blots. The cell lines are also indicated above the blots. (B) Survival of 32D/GR15 and 32D/GR35 cells in the presence of PD98059, an inhibitor of MEK. The indicated
cell lines were incubated in FBS (no IL-3) for 24 h, in the presence of only IGF-1 or both IGF-1 and PD98059. Survival is expressed as a percentage of cell number
increase or decrease over the number of cells plated. (C) BAD phosphorylation in the same cell lines, with or without PD98059 (I, IGF-1; PD, the inhibitor). (D) Same
procedures as in Fig. 4, except that 32D/GR15 and 32D/GR35 cells were examined at 16 h after IL-3 withdrawal. Lysates were prepared from cells in FBS supplemented

with either IL-3 or IGF-1 (I).

activation of MAPK suggests that the 32D cells expressing this
receptor are defective in this signaling pathway (see Discus-
sion). This may explain why (in the absence of IRS-1) they
began to die even in the first 24 h. 32D/GR35 cells behaved
differently: MAPK was not activated as strongly as with the
wild-type receptor, but the activation was sustained and the
cells did not begin to die until 24 h after IL-3 withdrawal. We
therefore hypothesized that 32D/GR46 cells died because they
failed to activate the MAPK pathway (57) while 32D/GR35
cells were resistant for the first 24 h but eventually died be-
cause they could not activate a third pathway.

The 4-serine mutant. In the case of mutant IGF-1 receptors
that do not protect 32D cells from apoptosis (GR18 and
GR48) and in which receptor function is impaired, the respec-
tive cell lines died massively during the first 24 h. As shown in
Fig. 2 and 3, 32D/GR35 cells (4-serine mutant) were protected
from apoptosis caused by IL-3 withdrawal in the first 24 h but
succumbed between 24 and 48 h. 32D/GR35 cells also re-
sponded to IGF-1 with a sustained activation of both ERK1
and ERK2 (Fig. 6A), albeit not as strongly as the cells with the
wild-type receptor. To test whether the activation of MAPK is
critical for protection from apoptosis, we treated 32D/GR15
and 32D/GR35 cells with an inhibitor of MEK, PD98059 (Fig.
6B). In the absence of the inhibitor, both 32D/GR15 and
32D/GR35 survived and even grew in the first 24 h (Fig. 2). In
the presence of the inhibitor, 32D/GR35 died very rapidly in
the first 24 h while 32D/GR15 cells still survived (30% increase
over the number of cells plated).

In Fig. 6C, we show the effect of the MEK inhibitor

(PD98059) on BAD phosphorylation in the same two cell lines.
The inhibitor had an effect on BAD phosphorylation; even in
32D/GR1S5 cells (which survived) there was an increase in the
amount of dephosphorylated BAD, which was then about half
of the total BAD protein. However, in 32D/GR35 cells, only
dephosphorylated BAD could be detected in the presence of
the MEK inhibitor. This experiment was repeated with an
antibody specific to the phosphorylated BAD (Phospholus Bad
S136 antibody; New England Biolabs) with the same results
(data not shown).

As shown in Fig. 4, 32D/GR35 cells maintained a phosphor-
ylated form of BAD 3 h after IL-3 withdrawal. However, when
these cells were examined at 16 h after IL-3 withdrawal (no
inhibitors present, but supplementation with IGF-1), a consid-
erable amount of dephosphorylated BAD was present in these
cells, almost to the same level as the phosphorylated BAD
(Fig. 6D; compare with Fig. 4). This is in contrast to the
32D/GR15 cells (wild-type receptor), in which, even at 16 h,
BAD was mostly in the phosphorylated form. These results
indicate that under the experimental conditions used, 32D/
GR35 cells slowly lost their ability to maintain BAD in the
phosphorylated form, which could explain why they began to
die at between 24 and 48 h.

A corollary of these findings is that a double-mutant recep-
tor (mutated at Y950 and at the 4 serines 1280 to 1283) should
have little or no survival value. Indeed, 32D cells expressing
this double-mutant receptor died very rapidly, with less than
1% of the plated cells being viable 24 h after IL-3 withdrawal
(data not shown). Another corollary is that even in the pres-
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FIG. 7. IRS-1 protects GR35 cells from apoptosis. The two cell lines tested
were 32D/GR35 (4-serine mutant) and 32D/IRS1/GR35 (expressing IRS-1). (A)
Survival was determined after 24 h as in previous experiments. The cells were
tested in medium containing serum supplemented with IGF-1, plus or minus the
MEK inhibitor PD98059. (B) Lysates from 32D/IRS1/GR35 cells, under the
same conditions, were examined for BAD phosphorylation. I, IGF-1; PD,
PD98059.

ence of the MEK inhibitor the introduction of IRS-1 into
32D/GR35 cells should result in survival by restoring the PI3-
ki/Akt pathway. This was, indeed, the case (Fig. 7A). In the
presence of PD98059, 32D/GR35 cells died, as previously
shown, while 32D/IRS1/GR35 cells were at least partially pro-
tected. At the same time, BAD phosphorylation was partially
maintained in 32D/IRS1/GR35 cells, although not as well as
when the inhibitor was omitted (Fig. 7B). 32D/GR35 cells
completely lost phosphorylated BAD in the presence of the
MEK inhibitor (Fig. 6C).

Emergence of a third pathway for IGF-1R-mediated protec-
tion from apoptosis. The previous results suggest that the
IGF-1R, in the absence of IRS-1, uses the MAPK pathway to
exert its antiapoptotic function but that in addition to this
second pathway the wild-type IGF-1R (but not the 4-serine
mutant) has a third pathway which also results in BAD phos-
phorylation. This third pathway is clearly dependent on the
integrity of the serine quartet at positions 1280 to 1283. Serine
1283 of the IGF-1R is known to bind the 14.3.3 family of
proteins (9, 24). Interestingly, 14.3.3 binds to IRS-1 even better
than it binds to the IGF-1R (37), but it does not bind to the IR
(9, 24). 14.3.3 proteins have been implicated in many cellular
functions, among which are the stabilization of phosphorylated
BAD (94), the enhancement of Raf kinase activity (22, 44), and
the stabilization of activated Raf-1 (15). We first determined
whether Raf-1 activity in 32D/GR15 cells was significantly dif-
ferent from that in 32D/GR35 cells. We first determined Raf
activity (data not shown). The results of three separate exper-
iments indicated that IL-3 induced an increase in Raf activity
(from 51 to 80% over that in serum-free medium), and so did
IGF-1 in cells expressing the wild-type IGF-1R (from 50 to
93%). In cells expressing the 4-serine mutant receptor, the
increase in Raf activity never exceeded 35%, and in some
experiments it was not increased at all over that in serum-free
medium. However, the variability of the assay precluded an
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FIG. 8. Presence of mitRaf in 32D/GR15 and 32D/GR35 cells. Mitochon-
drial lysates were prepared as described in Materials and Methods, and the same
amounts of protein were blotted for Raf-1 (upper panel). The amounts of
mitochondrial proteins in each lane were monitored with an antibody to cyto-
chrome oxidase (COX IV) (lower panel). I, IGF-1.

extension of these results to other mutants and to the IR. We
therefore explored another possibility.

It has been reported that Bcl-2 targets the protein kinase
Raf-1 to mitochondria (87), allowing this kinase to phosphor-
ylate BAD. We tested for the presence of mitochondrial Raf
(mitRaf) in 32D/GR15 cells and in 32D/GR35 cells after IL-3
withdrawal. The results of such an experiment, repeated sev-
eral times, are shown in Fig. 8. When IL-3 was present, mi-
tRaf-1 could be detected in both cell lines. However, when
IL-3 was withdrawn, mitRaf was still clearly detectable in 32D/
GR15 cells but not in 32D/GR35 cells. The difference was not
due to differences in amounts of mitochondrial proteins, as
shown by the amounts of cytochrome oxidase in the lysates.
The signal was higher in IL-3-containing cultures, probably
because these cells were growing exponentially whereas 32D/
GRI15 cells are programmed for differentiation (85). These
results are compatible with the previous findings that BAD is
still phosphorylated in 32D/GR15 cells while in 32D/GR35
cells, BAD is partially dephosphorylated (Fig. 6).

To confirm that mitRaf has value with regard to survival of
these cells, we transfected a constitutively active mutant Raf
which localizes exclusively to the mitochondria (72, 87) into
32D and 32D/GR15 cells. It was previously shown by one of
our laboratories (72), and also by Wang et al. (87), that this
Raf mutant localizes exclusively to the mitochondria. The re-
sults on cell survival are shown in Fig. 9A, where we compared
the survival of 32D and 32D/GR35 cells versus that of the same
cells expressing the mutant mitRaf. At 48 h after IL-3 with-
drawal, in the presence of serum supplemented with IGF-1,
32D cells expressing the mitRaf still die. On the contrary,
32D/GR35 cells with the mitRaf survive (10% increase over
the number of plated cells). The expression of the mutant Raf
in both cell lines was confirmed by Western blotting (Fig. 9B).

Finally, we tested the ability of phosphorylated BAD to
coprecipitate 14.3.3 (13, 94). Lysates from 32D/GRI15 cells
were immunoprecipitated with an antibody to BAD, and the
blot was stained with an antibody to the B isoform of 14.3.3.
The results are shown in Fig. 10: 14.3.3 could be detected in the
BAD immunoprecipitates, even when the cells had been
treated with the MEK inhibitor PD98059. Some 14.3.3 was
visible also in the immunoprecipitates from 32D/GR35 cells,
but not when the cells were treated with the MEK inhibitor.
The blot was stripped and reprobed with an antibody to BAD,
which was visible in the immunoprecipitates of both cell lines.

DISCUSSION

The main pathway for the antiapoptotic effect of the IGF-1R
is the well-established pathway that through IRS-1 activates
PI3-ki (53) and through Akt/PKB (17, 34, 38) induces phos-
phorylation of BAD (13). None of the experiments described
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FIG. 9. Effect of mitRaf on cell survival. (A) 32D and 32D/GR35 cells were
stably transfected with constitutively activated mutant Raf that localizes to the
mitochondria. Transduction and selection of cell lines are described in Materials
and Methods. Survival was determined at 48 h after IL-3 withdrawal, under the
usual conditions. (B) Detection of mitRaf in the various cell lines. Detection was
carried out with an anti-Rafl antibody (Santa Cruz). The size of the mutant Raf
is different from that of wild-type Raf-1, which is visible above the mutant Raf.

in this paper contradicted this statement. However, our exper-
iments also indicated that the IGF-1R (but not the IR) has
alternative pathways for protection from apoptosis that are
independent of the IRS-1 pathways. In favor of such a conclu-
sion are the findings that the IGF-1R protects 32D cells from
apoptosis (i) in the absence of IRS-1; (ii) in the presence of
inhibitors of PI3-ki, at concentrations that abrogate the pro-
tection of the combined IR-IRS-1 overexpression; and (iii)
upon complete inhibition of Akt/PKB phosphorylation. Our
results suggest that the IGF-1R actually has two alternative
pathways, one through MAPK activation and another through
the activation of Raf-1 and its translocation to the mitochon-
dria (Fig. 11). All three pathways result in the maintenance of
BAD phosphorylation. We discuss these points separately be-
low.

The IGF-1R, activated by its ligands, is a powerful inhibitor
of apoptosis caused by a variety of injuries. Addition of IGF-1
inhibits apoptosis induced by IL-3 withdrawal in hemopoietic
cells (51, 69) as well as by c-myc overexpression (28), IL-1B-
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FIG. 10. Coprecipitation of 14.3.3 and BAD. BAD immunoprecipitation,
detection of 14.3.3, and detection of BAD itself on the stripped blot were carried
out as described in Materials and Methods. The cell lines used were 32D/GR15
and 32D/GR35. PD, MEK inhibitor PD98059 at the same concentration as that
used for Fig. 7; I, IGF-1 (50 ng/ml).

IGF-1 RECEPTOR AND APOPTOSIS 7211

PI3-kinase
Mitochondrial
g Sos Rafkinase
ras
@ [}
raf
P70/s6K l

FIG. 11. Diagram of the multiple antiapoptotic pathways of the IGF-1R. The
diagram is based on the results presented in this paper and previous papers from
this and other laboratories.

converting enzyme protease expression (33), serum withdrawal
(57), anticancer drugs (18), and transforming growth factor 81
(31) in fibroblasts. An overexpressed and activated IGF-1R
protects cells from apoptosis induced by a variety of agents and
conditions, including etoposide (77), IL-3 withdrawal (51, 56,
61), osmotic shock (79), tumor necrosis factor alpha (90), p53
(61), ionizing and nonionizing radiation (38, 55, 83), and oka-
daic acid (11).

Conversely, a down-regulation of IGF-1R function, either by
antisense strategies (6, 40, 47, 66, 67, 78), by dominant-nega-
tive mutations (12, 60, 65), or by triple-helix formation (68),
causes apoptosis of tumor cells in vivo and/or abrogation of
tumorigenesis and metastases (6, 19, 48). Our finding in the
present study that the IGF-1R has multiple antiapoptotic path-
ways may help to explain why it is such a powerful inhibitor of
apoptosis.

In 32D cells, the protective effect of the activated IGF-1R is
dependent on the availability of IGF-1 (Fig. 1). Although se-
rum contains both IGF-1 and IGF-2, 32D cells, even when
overexpressing the IGF-1R, still require the addition of IGF-1
for survival. This requirement was not as apparent in cells that
have IRS-1 (56). While it is true that in our 32D cells the
IGF-1R is overexpressed, it has often been reported that
IGF-1 can protect cells from apoptosis even when the receptor
is at normal levels (51, 46), although some cooperative factors
may be required in this case.

A series of experiments by several laboratories has firmly
established that the main antiapoptotic pathway of activated
IGF-1R is through IRS-1, PI3-ki, and Akt/PKB (see the intro-
duction). Datta et al. (13) made the connection with BAD by
showing that Akt/PKB phosphorylates BAD; in its phosphor-
ylated form, BAD cannot bind to antiapoptotic proteins of the
Bcl-2 family and therefore cannot induce cell death (91). Fur-
thermore, it has been shown that phosphorylated BAD is as-
sociated with 14.3.3 (94). Several investigators, however, had
already noticed that the antiapoptotic effect of the activated
IGF-1R was insensitive or almost insensitive to inhibitors of
PI3-ki (39). It was suggested that the IGF-1R might be using
an alternative pathway when the PI3-ki pathway was unavail-
able or inhibited (57). Valentinis et al. (84) examined the
situation in mouse embryo fibroblasts plated on polyHEMA
(Sigma) plates, in which the cells are denied attachment to the
substratum and undergo a form of apoptosis that has been
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called anoikis (23). This system was chosen because cells in a
state of anchorage independence have a strict requirement for
a functional IGF-1R for survival, a requirement that is not as
strict when the cells are in monolayer cultures (3, 4). In addi-
tion, IGF-1 rescues mouse embryo fibroblasts from anoikis
without inducing DNA synthesis, which could obscure the an-
tiapoptotic signaling. In this tightly regulated system, Valenti-
nis et al. (84) showed that the PI3-ki/Akt/PKB pathway was not
required for IGF-1-mediated protection from anoikis while
Ras activation had a clearly protective effect.

Ras activation is known to be an important step in the
activation of MAPK (74). Since MAPKSs are activated by IGF-1
(32), we hypothesized, as already suggested by Parrizas et al.
(57), that MAPK activation might be the alternative pathway
to IGF-1R-mediated protection from apoptosis. Our experi-
ments suggest that MAPK activation is one of the alternative
pathways: 32D/GR46 cells (Y950F mutant) fail to achieve a
sustained activation of MAPK after IGF-1 stimulation and
begin to die within the first 24 h. The fact that this receptor
gives partial protection suggested, however, that another path-
way (also IRS-1 independent) was operative. The failure of the
Y950F mutant to induce a sustained activation of MAPK is
compatible with results from the literature. The Y950 residue
of the IGF-1R is known to interact with the Shc proteins (10,
82), which in turn are involved in the activation of the MAPK
pathway (64, 73, 74). The cell lines that survive show a sus-
tained activation (at least 1 h) of MAPK. Marshall (49) has
already made an eloquent case for the need for sustained
MAPK activation for their biological effect. Only when MAPK
activation is sustained is there nuclear translocation and acti-
vation of the genes that initiate cell cycle progression and/or
survival (35, 41).

MAPK activation cannot be, however, the sole alternative
pathway for IGF-1R-mediated protection from apoptosis,
since an MEK inhibitor, PD98059, failed to abrogate the pro-
tective effect of the IGF-1R in 32D/GR15 cells (Fig. 6B). A
clue to a third pathway used by the IGF-1R came from the
4-serine mutant receptor, expressed by 32D/GR35 cells. These
cells are protected in the first 24 h but then die rapidly between
24 and 48 h. When 32D/GR35 cells are exposed to the MEK
inhibitor, they die very rapidly in the first 24 h. These data
suggested that the IGF-1R, in the absence of IRS-1, has two
alternative pathways, one leading to the activation of MAPK
and another that depends on the integrity of the serines in the
1280 to 1283 positions. It is known that 14.3.3 proteins bind to
the IGF-1R (9) at serine residues located in the C terminus,
between positions 1272 and 1284, and that this interaction
depends on the phosphorylation of the appropriate serines.
According to Furlanetto et al. (24), the 14.3.3 B isoform binds
to serine 1283 and possibly to tyrosine 1316 in the C terminus.
In addition, Craparo et al. (9) and other laboratories (37) have
shown that 14.3.3 proteins also bind to IRS-1; in fact, they may
bind to IRS-1 more effectively than to the IGF-1R (37). Inter-
estingly, the IR fails to interact with 14.3.3 proteins (9, 24). The
inability of the 4-serine mutant to protect 32D cells in the
presence of an MEK inhibitor is suggestive of an intervention
by 14.3.3 in IGF-1R-mediated protection from apoptosis in the
absence of IRS-1. This suggestion is strengthened by our find-
ing that the wild-type receptor and the 4-serine mutant have
similar antiapoptotic activities in mouse embryo fibroblasts
that express IRS-1 (70). Furthermore, the fact that the IR
(which does not interact with 14.3.3 proteins) cannot protect
32D cells in the absence of IRS-1 (which instead binds to 14.3.3
proteins) also indicates that 14.3.3 proteins may be involved in
IGF-1R-mediated protection from apoptosis. It would have
been desirable to demonstrate a coprecipitation of 14.3.3 pro-
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teins with the wild-type IGF-1R but not with the 4-serine
mutant receptor. Unfortunately, no one has yet shown such a
coprecipitation in mammalian cells; the evidence for interac-
tion is based on the yeast two-hybrid system. Our attempts to
coprecipitate 14.3.3 proteins with the IGF-1R were also unsat-
isfactory (data not shown). The increases in Raf-1 activity were
reproducible when the wild-type receptor was compared to the
4-serine mutant, but in other instances the results were incon-
clusive. Alternatively, the 32D/GR35 cells may activate MAPK
by a Raf-independent mechanism; protein kinase C, the proto-
oncogene c-mos, and G protein-coupled receptors have been
reported to activate MAPK independently of Raf (8). Both
protein kinase C and G protein-coupled receptors have been
shown to have signaling pathways that cross talk with the IR
and IGF-1R pathways (1).

In a recent paper, Kulik and Weber (39) reported that BAD
phosphorylation is not necessarily involved in IGF-1-mediated
protection from apoptosis. Our results show that regardless of
the pathway used, protection from apoptosis correlates strictly
with a phosphorylated BAD. BAD is predominantly phosphor-
ylated when the cells express receptors that protect them from
apoptosis. BAD remains predominantly phosphorylated even
in 32D/GR1S5 cells that are treated with inhibitors of PI3-ki or
an MEK inhibitor, or even both (data not shown). When pro-
tection is partially decreased (see, for instance, 32D/GR15 cells
incubated with the MEK inhibitor [Fig. 6]), BAD phosphory-
lation is also partially decreased. We have no explanation for
the discrepancy between the results of Kulik and Weber (39)
and our own, except the obvious ones that the cell lines used
were different and the methods used to induce apoptosis were
also different.

BAD phosphorylation through the Akt/PKB pathway is well
documented (see above), but there is also evidence in the
literature that BAD can be phosphorylated, or at least stabi-
lized in its phosphorylated form, through the activation of
MAPK (75) or a mitochondrion-anchored protein kinase A
(92). In addition, there are alternative explanations for the
antiapoptotic effect of Akt, including its ability to inactivate
caspase-9 (93) or the forkhead genes (91). This mechanism may
be valid in the protection or partial protection of 32D cells by
mutant receptors like the Y950F and the 4-serine mutant in
the first 24 h after IL-3 withdrawal. Especially in the latter case,
this pathway must play a critical role, since an MEK inhibitor
causes massive cell death in the first 24 h, as well as a decrease
in BAD phosphorylation. This conclusion is supported by the
finding that a double-mutant receptor (Y950F and S1280-
1283A) has no survival value.

Confirmation that BAD phosphorylation plays a role in
these alternative pathways comes from the experiments with
mitRaf. mitRaf is detectable in 32D cells in medium with IL-3
and in 32D/GR15 cells in medium supplemented with IGF-1. It
is not detectable in 32D/GR35 cells, which have dephosphory-
lated BAD after 16 h following IL-3 withdrawal. mitRaf has
been thought to phosphorylate BAD, which causes its dissoci-
ation from antiapoptotic proteins and its release into the cy-
tosol (25, 87), where it remains phosphorylated (94). Although
it may be coincidental, the isoform of 14.3.3 that preferentially
binds to the IGF-1R, the B isoform (24), is also one of the
14.3.3 isoforms that bind to Raf-1 (20). In support of this view
are also findings that in cells with the wild-type receptor, 14.3.3
coprecipitates with BAD. No 14.3.3 is detectable in immuno-
precipitates of BAD from lysates of 32D/GR35 cells in the
presence of the MEK inhibitor. Finally, the introduction of the
mitRaf mutant, which localizes exclusively to the mitochondria
(72, 87), into 32D/GR35 cells yields protection from apoptosis,
at least partially. The parental 32D cells, on the contrary, are
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not protected, which indicates that IGF-1R signaling is still
required for survival.

We summarize our interpretation of these experiments as
follows: (i) the main antiapoptotic pathway of the IGF-1R is
the well-established IRS-1/P13-ki-Akt/PKB pathway; (ii) in the
absence of IRS-1, the IGF-1R has alternative pathways that
are not shared with the IR or possibly other growth factor
receptors; (iii) one of these alternative pathways is the sus-
tained activation of the MAPK pathway, which is largely (but
not exclusively) dependent on the integrity of Y950; (iv) an-
other alternative pathway originates from the serines at posi-
tions 1280 to 1283, probably through the intervention of 14.3.3
proteins; (v) this last pathway results in translocation of Raf-1
to mitochondria; and, finally, (vi) all of these pathways, at least
in these cells, exhibit the stabilization of BAD in its phosphor-
ylated form. The results presented here are compelling enough
to justify our suggestion that the IGF-1R has not one but two
alternative pathways for protection from apoptosis and that
BAD phosphorylation is an important end point of all three
pathways. The multiplicity of signaling pathways used by the
IGF-1R may explain why this receptor has such a powerful and
widespread antiapoptotic activity (3, 50).
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