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Abstract Insulin-like growth factor Il (IGF-1l) plays a key role in mitogenesis during development and
tumorigenesis and is believed to exert its mitogenic functions mainly through the IGF-I receptor. Recently, we
identified the insulin receptor isoform A (IR%) as an additional high affinity receptor for IGF-II in both fetal and cancer
cells. Here we investigated the mitogenic signaling of IGF-II via the Akt/Glycogen synthase kinase 3 (Gsk3) axis
employing R-IR” cells that are IGF-I receptor null mouse embryonic fibroblasts expressing the human IR*. IGF-Il induced
activation of the proto-oncogenic serine kinase Akt, reaching maximal at 5-10 min. IGF-Il also caused the rapid and
sustained deactivation of glycogen synthase kinase 3-beta (Gsk3f), reaching maximal at 1-3 min, shortly preceding,
therefore, maximal activation of Akt. Under our conditions, IGF-Il and insulin induced 70-80% inhibition of
Gsk3pactivity. In these cells IGF-Il also deactivated Gsk3o although less effectively than Gsk3p. In parallel experiments,
we found that IGF-1I induced transient activation of extracellular-signal-regulated kinases (Erk) reaching maximal at 5-
10 min and decreasing thereafter. Time courses and potencies of regulation of both mitogenic pathways (Akt/Gsk3p and
Erk) by IGF-II via IR were similar to those of insulin. Furthermore, IGF-II like insulin effectively stimulated cell cycle
progression from the GO/G1 to the S and G2/M phases. Interestingly, AP-1-mediated gene expression, that was reported
to be negatively regulated by Gsk3p was only weakly increased after IGF-II stimulation. Our present data suggest that the
coordinated activation or deactivation of Akt, Gsk3, and Erk may account for IGF-Il mitogenic effects and support an
active role for IR* in IGF-Il action. J. Cell. Biochem. 82: 610-618, 2001. © 2001 Wiley-Liss, Inc.
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7.5 kDa polypeptide that has been implicated in
cell proliferation during fetal growth and
tumorigenesis. IGF-II was initially reported to
exert its biological effects through the IGF-I
tyrosine kinase receptor since IGF-II binds and
activates the IGF-I receptor with an affinity
similar to that of IGF-I [Krywicki and Yee,
1992]. However, recent studies with null mice
bearing single and multiple genetic deletions for
the IGF family of ligands and receptors have
challenged this concept [Baker et al., 1993]. The
analysis of the growth phenotypes in these
animal models suggest an important but not
an absolute role of IGF-I receptor during fetal
development. Genetic and biochemical studies
further identified the insulin receptor as the
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functional receptor mediating IGF-II growth
effects [Louviet al., 1997; Morrione et al., 1997].
Employing IGF-I receptor null mouse embryo
fibroblasts [Sell et al., 1993], we have recently
generated two cell lines, called R™/IR® and
R /IR, which stably express the human insu-
lin receptor (IR) isoforms named IR? (exon 11-)
and IR® (exonl1+), respectively [Frasca et al.,
1999]. Using these two cell lines, we previously
reported that only the short IR isoform IR%
lacking the 12 amino acids encoded by exon 11 in
the IR extracellular o-subunit, binds IGF-II
with high affinity and stimulates DNA synth-
esis [Frasca et al., 1999]. In R~/IR cells, IGF-II
was capable of stimulating proximal signaling
molecules including insulin receptor autopho-
sphorylation, tyrosine phosphorylation of insu-
lin receptor substrates (IRS) and She, and
activation of phosphatidylinositol-3-kinase
(PISK). PISK is critical for mitogenesis trig-
gered by a variety of cell membrane receptors,
and the proto-oncogenic protein kinase Akt and
glycogen synthase kinase 3 (Gsk3) have been
reported to be activated downstream of PI3K
[Downward, 1998]. In the present study, we
investigated the mitogenic signaling of IGF-II
via the Akt/Gsk3p axis in R~/IR” cells. Employ-
ing flow cytometry we also studied IGF-II-
stimulated cell cycle progression via IR*. These
data provide additional evidence of the IGF-II
ability to stimulate mitogenesis via the human
IR® and suggest that regulation of the Akt/
Gsk3p axis and Erk accounts for this effect.

MATERIALS AND METHODS

Anti-Erk1/2 and anti-Gsk3o antibodies
were purchased from Santa Cruz Biotech-
nology (Santa Cruz, CA), anti-Gsk3p and
anti-Akt monoclonal antibodies from Transduc-
tion Laboratories (Lexington, KY), and anti-
phosphoSer473-Akt and anti-phosphoThr202/
Tyr204-Erk were purchased from New England
Biolabs (Beverly, MA).

Cell Culture and Growth Factor Treatment

R /IR*cells were previously generated by
stable transfection of the parental IGF-I recep-
tor-null (R™) mouse embryo cell line (provided
by Dr. Renato Baserga) with an eukariotic
expression vector (pNTK2) containing the
human insulin receptor isoform-A (exon 117)
gene (provided by Dr. Axell Ullrich) and
cultured in DMEM, 10% fetal bovine serum

and 0.3 mg/ml Puromicin. Human recombinant
IGF-II (Calbiochem, San Diego, CA) and insulin
(Sigma, St. Louis, MO) were used at 10 nM
concentration unless specified otherwise. For
all experiments, cells were grown up to 60—70%
confluence, serum-deprived for 10—-12 h and
then stimulated with insulin or IGF-II for the
times and at doses specified in figure legends.

Preparation of Whole Cell Lysates

After appropriate stimulation, cells were
rinsed with ice-cold PBS, detached by scraping
and pelleted in 0.35 ml sonication buffer (50 mM
Tris, pH 7.4, 1 mM EGTA, 1 mM EDTA, 5 mM
sodium pyrophosphate, 1 mM DTT, 10 mM beta-
glycerophosphate, 10 pg/ml pepstatin A, 10 p/
ml leupeptin, 10 pg/ml aprotinin, 1 mM sodium
orthovanadate, 1 mM benzamidine, 0.1 mM
PMSF, 100 nM okadaic acid). Whole cell lysates
were prepared by sonicating cells for 30 sec in
ice followed by addition of NP40 at 1% final
concentration and further solubilization for
30 min at 4°C with end-over-end rotation.
Insoluble cell debris was then discarded by
centrifugation for 15 min at 13,000 rpm. The
supernatants (whole cell lysates) were either
processed immediately or quickly frozen in
liquid nitrogen and stored at —70°C until use.

Immunoprecipitation and In Vitro Gsk3
Enzymatic Assay

Whole cell lysates were immunoprecipitated
for 2 h at 4°C with either a monoclonal antibody
recognizing the amino terminus of rat Gsk3p
(1 pg a-Gsk3p for 30 pg cell lysates) or with a
polyclonal antibody recognizing the carboxy
terminus of rat Gsk3a (1 pg a-Gsk3a for 70 ug
cell lysates) followed by 1 h incubation with
protein G-Sepharose (Amersham-Pharmacia
Biotech, Piscataway, NY). Immunoprecipitates
were washed twice with ice-cold sonication
buffer (plus 1% NP40) and once with Gsk3
assay buffer (30 mM Tris, pH 7.4, 10 mM
Magnesium acetate, 0.1 mg/ml BSA). Beads
were resuspended in 30 pl reaction buffer
containing 0.1 mM ATP, 20 uM phospho-Glyco-
gen Synthase (pGS)-2 substrate and 3 uCiy->2P
ATP and incubated for 15 min at 30°C. The
reaction was stopped by addition of 5 ul of 4 M
HCI and aliquots of the reaction mixture were
spotted onto P81 paper followed by extensive
washings with 150 mM phosphoric acid. P81
papers were air-dried and the radioactivity was
measured in a liquid scintillation B-counter.
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Western Blot Analysis

Whole cell lysates prepared as described
above were denatured in SDS-sample buffer
(0.25 M Tris,pH 6.8, 50% glycerol, 5% SDS,
0.05% bromophenol blue, 2.5% B-mercaptoetha-
nol) by heating for 3 min at 95°C and resolved by
SDS—PAGE. Proteins were next immobilized
on PVDF membrane (Hi-Bond, Amersham-
Pharmacia, Piscataway, NY) by semidry trans-
fer and the specific proteins were detected by
incubation with primary antibodies (1:2000—
1:3000 dilution) in PBST, further incuba-
tion with horseradish peroxidase (HRP)-conju-
gated secondary antibodies and subsequent
enhanced chemiluminescence (SuperSignal,
Pierce, Rockville, IL).

Luciferase Assay

AP-1 transcriptional activity was evaluated
by transient transfection of R™/IR* cells (6 x
10* cells) with a luciferase reporter plasmid (1
ug DNA) driven by the AP-1 promoter region
(—73/TRE) as described elsewhere [Aroenhei
et al., 1997]. Transient DNA transfections were
performed with lipofectamine and carried out
for 5 h in Optimem media (Life Technologies,
Rockville, MD). Cells were then incubated in
serum free media (DMEM, 0.1% BSA) with
either TPA or IGF-II or insulin at the indicated
concentrations for 16 h. Cells were next solubi-
lized in reporter lysis buffer (Promega, Madi-
son, WI), quickly frozen in liquid nitrogen and
stored at —70°C. Luciferase activity was
assayed in 20 pg of cell lysates following
manufacturer’s recommendations (Promega).

Flow Cytometric Analysis

Subconfluent R/IR* cells (60—70%) were
serum-deprived for 10 h and stimulated with
IGF-II or insulin at 10 nM for 2, 4, 6, 12, and
24 h. Serum deprivation was chosen to avoid
abnormal changes in metabolism and respon-
sivity associated with other cell synchroniza-
tion procedures, and serum-deprivation time
(10 h) was the same as for the signaling studies.
The stimulation medium was replaced every 6 h
to minimize the effect of possible IGF-II and
insulin degradation. At the end of the stimula-
tion, cells were washed twice with ice-cold PBS,
detached by scraping and fixed in 70% ethanol.
Ethanol-fixed cells were stored at —20°C for
2—-16 h. Ethanol was then removed by pelleting
cells at low speed centrifugation followed by cell

washes in PBS. DNA staining was performed
by incubating cells at 37°C for 2 h in PBS
containing 20 mg/ml propidium iodide and 40
mg/ml RNAseA. Stained cells were then ana-
lyzed by flow cytometry using a FACStar
system (Becton Dickinson, Franklin Lakes,
NdJ) and the percentage of cells in GO/G1 vs. S
and G2/M phases was determined using Cell-
Quest software.

RESULTS

Time Course for Akt Phosphorylation/
Activation by IGF-II Via Activation of the
Insulin Receptor Isoform-A (IRY)

The proto-oncogenic serine kinase Akt is a
well recognized target in insulin and IGF-I
signaling downstream of PISK. Akt mediates a
variety of biological effects including cell
growth, cell survival, and glucose metabolism
[Downward, 1998]. Full activation of Akt by
growth factors requires phosphorylation on
Serd73, which tightly correlates with Akt
kinase activity [Kohn et al., 1995]. In order to
investigate whether Akt was activated in
response to IGF-II via IR® R /IR* cells were
stimulated with either IGF-II or insulin at
10 nM for 1 to 30 min and solubilized. Whole
cell lysates were then subjected to SDS—-PAGE
and subsequent Western blot analysis with an
antibody to phosphorylated Akt at Ser473. Akt
phosphorylation was rapidly increased by both
IGF-II and insulin with a maximal four-fold
increase after 10 min (Fig. 1B). Akt phosphor-
ylation by both ligands was sustained up to 30—
60 min (Fig. 1A, upper panel). After 8—16 h of
treatment, Akt phosphorylation by these two
ligands was decreased to the level similar to the
basal (data not shown). Increased Akt phos-
phorylation occurred without changes in its
protein levels (Fig. 1A, lower panel). Altough
Akt phosphorylation by IGF-II appeared to be
higher than by insulin during the first 10 min
the difference was not statistically significant as
assessed by the ANOVA test.

Time Course for Gsk3p Deactivation and
Differential Regulation of Gsk3a and Gsk3f
Isozymes by IGF-II Via IR?

Gsk3 consists of two isozymes, Gsk3o and
Gsk3p, which share 85% homology at the amino
acid level [Woodgett, 1990]. Both Gsk3 isozymes
share similar substrate specificity and have
been reported to be deactivated by insulin and
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Fig. 1. Akt phosphorylation/activation by IGF-II and insulin
in R7/IR? cells. Subconfluent R™/IR* cells were serum-
deprived for 10 h, stimulated with either IGF-II or insulin at
10nMfor 0, 1, 2, 3, 5, 10, and 30 min and solubilized. Whole
cell lysates (20 pg protein/lane) were subjected to SDS—PAGE
followed by Western blot analysis using specific antibodies
recognizing the Akt protein (A, lower panel) or its phosphory-
lated active form (A, upper panel). A representative blot with
cells that were stimulated up to 60 min is shown. (B), intensities
of the phospho-Ser473 Akt bands were quantified by a laser
densitometer. Data are presented as average+SE of six
independent experiments. AU, arbitary units.

IGF-I[Plyte et al., 1992; Sutherland et al., 1993;
Welsh and Proud, 1993; Cross et al., 1994]. In
order to study Gsk3 (o and B) protein expression
and their enzyme activities in R™/IR? cells, we
first prepared whole cell lysates from unstimu-
lated cells after 10 h of serum deprivation.
Whole cell lysates were then subjected to
immunoprecipitation with either anti-Gsk3a
and anti-Gsk3p antibodies and their enzymatic
activities against the Gsk3 substrate pGS2
were assayed in vitro as previously described
[Sung et al., 1998]. Both Gsk3o and Gsk3f
were expressed in R7/IR* cells as evidenced
by their activities in unstimulated cells. In
these cells Gsk3p activity at basal states was

approximately five times higher than Gsk3a
activity (data not shown). We next studied the
ability of Gsk3 isozymes to respond to insulin
and IGF-II in R™/IR* cells. Following 10 h
serum deprivation, cells were stimulated with
IGF-II or insulin at 10 nM for 2 min. Cells were
subsequently solubilized, whole cell lysates
were subjected to immunoprecipitation for both
Gsk3a and Gsk3B and the kinase activities
recovered in the immunoprecipitates were
assayed as described in Materials and Methods.
Both IGF-II and insulin induced up to 70—-80%
deactivation of Gsk3p after 2 min stimulation
whereas they deactivated Gsk3o much less
effectively (i.e., 25—35%, Table I). The rate of
IGF-II- and insulin-induced deactivation of
Gsk3a observed after 2 min was not modified
after 5, 10, and 30 min exposure to ligands (data
not shown). Since Gsk3p was the major IGF-II-
and insulin-responsive Gsk3 isozyme in R~ /IR*
cells, we studied in more detail its time course of
deactivation after growth factor stimulation.
Gsk3p activity was markedly reduced as early
as 1 min after growth factor stimulation and
maximal inhibition occurred at 2—3 min reach-
ing 70—80% inhibition (Fig. 2A). No significa-
tive difference was present between the two
ligands. Gsk3pB deactivation by IGF-II and
insulin was maintained up to 30 min. No
significant difference in Gsk3p protein amount
was observed during 30 min stimulation with
both growth factors (Fig. 2B). The comparison of
time courses of Akt activation and Gsk3p
deactivation in R/IR* cells consistently
showed that Akt reached its maximal activity
shortly after the maximal deactivation of Gsk3f
(Figs. 1 and 2).

TABLE 1. Effects of IGF-II and Insulin on
Gsk 3 Activity in R-IRA Cells

Gsk3a (%) Gsk3B (%)
Basal 100 100
IGF-I1 76.0+13.2 31.4+104
Insulin 66.0+19.6 20.5+4.2

Cells were serum-deprived for 10 h, stimulated with either
IGF-II or insulin at 10 nM for 2 min and solubilized. Whole cell
lysates (30 pg for Gsk3p, 70 pg for Gsk3a) were subjected to
immunoprecipitation with specific antibodies to Gsk3 isozymes
and resultant immunoprecipitates were assayed for enzymatic
activity against pGS2 substrate as described in Materials and
Methods. Data are expressed as percentages of Gsk3a and
Gsk3p basal activity and are average+SE of three and four
independent experiments, respectively.
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Fig. 2. Time courses for Gsk3p deactivation by IGF-II and
insulin in R7/IRA cells. A: The same cell lysates prepared in
Figure 1 were immunoprecipitated with anti-Gsk3f antibody as
described in Materials and Methods. These immunopecipitates
were next assayed for enzymatic activity against pGS2 substrate.
Data are presented as percent of basal activity and are
average+SE of four independent experiments; B: Aliquots of
the cell lysates were subjected to SDS—-PAGE followed by
western blot analysis for Gsk3B protein content (B). A
representative blot is shown.

Time Course for Erk Phosphorylation/
Activation by IGF-II Via IR*

Erk has been implicated in cell proliferation
by various growth factors. Here we studied the
activation of Erk in R~/IR* cells under the same
conditions used to study the Akt/Gsk3p axis.
First, employing antibodies to phosphorylated
Erk on thr202/tyr204 (Fig. 3A, upper panel), we
studied Erk1/2 phosphorylation at these sites
that isrequired for full Erk activation by growth
factors [Marshall, 1995]. Second, we examined
the mobility shift of Erk 1/2 using antibodies to
Erk protein (Fig. 3A. lower panel). As shown by
increased phosphorylation and mobility shift
(Fig. 3A), IGF-II and insulin at 10 nM induced a
rapid, but transient activation of both Erk 1 (44
kDa) and Erk 2 (42 kDa) in R"/IR” cells with
maximal activation at 5—10 min (Fig. 3B).
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Fig. 3. Erk} phosphorylation/activation by IGF-Il and insulin in
R7/IR™ cells. Subconfluent cells were serum-deprived for 10 h
and stimulated with either IGF-Il or insulin at 10 nM for 0, 1, 3,
5, 10, and 60 min. Whole cell lysates (20 pg/lane) were
resolved by SDS-PAGE. Erk} content and activation were
detected by Western blot analysis using specific antibodies
recognizing Erk1 (44 kDa) and Erk2 (42 kDa) (Fig. 3A, lower
panel; asterisks, Erk} phosphorylative shift) or their activated
forms that were phosphorylated on Thr202/Tyr204 (Fig. 3A,
upper panel). Representative blots are shown. Intensities of the
phosphorylated Erk1 and Erk2 bands were quantified using a
laser densitometer and combined (Fig. 3B). Data are presented
as average=£SE of four independent experiments. AU, arbitrary
units.

AP-1 is a Weak Transcriptional Target
for IGF-II and Insulin in R-IR* Cells

The transcription factor c-jun has been shown
to be negatively regulated upon its phosphor-
ylation by Gsk3p [Boyle et al., 1991; De Groot
et al., 1993; Nikolakaki et al., 1993]. Gsk3p
deactivation by growth factors may therefore
represent a potential mechanism to upregulate
c-Jun/AP-1 activity in vivo. To study whether
IGF-II stimulates AP-1 activity via the IR®, we
transiently transfected R/IR® cells with a
luciferase reporter construct driven by the AP-
1 promoter (—73/TRE-Luc). After 10 h of serum
deprivation, cells were treated for 16 h with
either IGF-II or insulin or TPA as positive
control. IGF-II at 10 and 100 nM increased AP-1
transcriptional activity by 1.5—1.6-fold, where-
as insulin at 10 and 100 nM increased AP-1
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Fig. 4. AP-1 transcriptional activation by TPA, IGF-Il, and
insulin in R=/IR? cells. Subconfluent R-IR? cells in six well
plates were transiently transfected with —73/AP-1-luciferase
reporter plasmid (1 pg DNA) in low serum-containing media.
After 5 h incubation at 37°C, the transfection media was
replaced with serum free media complemented with growth
factors as described in Materials and Methods. After additional
16 h incubation, cells were harvested in reporter lysis buffer
(Promega). Cell lysates (20 pg) were used to measure luciferase
activity. Data are presented as relative units of luciferase activity
and are the average+£SE of two independent experiments with
each experiment performed in triplicate.

activity by 1.3—1.7-fold (Fig. 4). Under the same
conditions, TPA at 10 nM induced a 5.5-fold

stimulation of AP-1 transcriptional activity in
R /IR cells.

IGF-11 Triggers Cell Cycle
Progression Via IR*

We previously showed that IGF-II stimulates
DNA synthesis in R™/IR® cells as assessed by
thymidine incorporation and that antibodies
against the insulin receptor can suppress the
proliferative effect of IGF-II in breast cancer
cells [Frascaet al., 1999; Sciacca et al., 1999]. In
order to better define the mitogenic potential of
IGF-II via IR® activation, we investigated the
abilities of both IGF-II and insulin to stimulate
the cell cycle progression from G1/GO to S and
G2/M phases in R7/IR? cells employing flow
cytometry. Subconfluent R™/IR* cells were
serum-deprived for 10 h and stimulated with
IGF-Ilorinsulin at 10nM for 2,4, 6,12, and 24 h.
At the end of stimulation, the cellular DNA was
stained with propidium iodide and cells were
subjected to flow cytometric analysis (Fig. 5).

Although a substantial population of serum-
deprived cells (<10%) displayed an S-phase
DNA content, this percentage was similar in
all paired experiments. After 10 h of serum
deprivation, 70% of the cells were arrested at
the GO/G1 phase, while 30% of the cells were
distributed at the S and G2/M phases (10% at S
phase +20% at G2/M phase). IGF-II induced a
time-dependent G1/S transition by decreasing
cell population at GO/G1 and increasing cells at
S and G2/M phases. After 12 h of growth factor
treatment, IGF-II decreased the GO/G1l cell
population from 70 to 54%, and increased both
the S population from 10 to 20% and the G2/M
cell population from 20 to 26%. Insulin similarly
decreased GO/G1 cell population from 70 to
56%, and increased both the S population from
10 to 19% and the G2/M population from 20 to
25%. After 24 h, IGF-II further decreased the
GO0/G1 population to 46% and increased the
overall population at S and G2/M phases to 54%
(16% at S phase and 38% at G2/M phase).
Similarly, insulin induced a further decrease in
the GO/G1 population to 49% after 24 h and
caused a parallel increase of the population at S
and G2/M to 51% (15% at S phase and 36% at
G2/M phase). These results suggest that IGF-
II, like insulin, effectively induced cell cycle
progression from GO0/G1 to S via IR* and
doubled the percentage of cell population at S
phase after 12 h of treatment. In control cells
incubated in the absence of growth factors,
there was no significant increase in both S and
G2/M populations (data not shown).

DISCUSSION

Recent evidence indicates that the insulin
receptor isoform A is a high affinity receptor for
both insulin and IGF-II [Frasca et al., 1999].
IGF-1, in contrast, binds and activates IR with
much lower affinity. Mild quantitative and time
course differences have been observed in intra-
cellular signaling molecules after either insulin
or IGF-II binding to IR® These differences
include phosphorylation of intracellular signal-
ing molecules like IRS-1 and -2, She, and PISK
[Frascaet al., 1999]. In addition, the two ligands
elicit mildly different biological responses:
activation of IR® by insulin primarily leads to
metabolic effects while, when activated by IGF-
II, mitogenic effects prevail.

In the present study, we performed time
course experiments using R™/IR® cells (that
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Fig. 5. Effects of IGF-Il and insulin on cell cycle progression stained with propidium iodide and cells were analyzed by

from G1/GO to S and G2/M phases in R7/IR* cells.
Subconfluent R-IR? cells were serum-deprived for 10 h (basal,
top panel) and stimulated with either IGF-Il (middle panels) or
insulin (bottom panels) at 10 nM for 2 to 24 h. Cells were then
fixed in ethanol and resuspended in PBS. Next, DNA was

only express the IR isoform A) to define
mitogenic targets of IGF-II via IR* and down-
stream of PI3K and also to establish a hierarchy
for the activation of mitogenically relevant
signaling molecules. Since the protooncogenic
serine kinase Akt lies downstream of PI3K and
is known to play an important role for cell
growth, we studied the effect of IGF-II on Akt
activation. The full activation of Akt requires
phosphorylation at both Thr-308 and Ser-473,
which is mediated by distinct phosphoinoside
dependent kinases [Alessiet al., 1997]. Here, we
show that Akt is activated by IGF-II via
activation of IR, This result is consistent with
the concept that both IGF-II and Akt regulate
cell growth and survival [Cristofori et al., 1994;
Kulic et al., 1997].

Gsk3p has been previously shown to be
directly phosphorylated by Akt [Cross et al.,
1995]. Thus, we studied the ability of IGF-II to
regulate Gsk3p activity in R-IR* cells. Gsk3 was
initially reported to phosphorylate and inhibit
glycogen synthase [Embi et al., 1980]. Subse-
quent molecular cloning of Gsk3 identified two

flow cytometry. The analysis was performed with CellQuest
software (Becton Dickinson). The percentages of cells found in
GO0/G1, S and G2/M phases are indicated in each picture. A
representative profile of three independent experiments is
shown.

distinct isozymes, Gsk3a and Gsk3[ [Woodgett,
1990]. Growth factors induce phosphorylation
and deactivation of Gsk3 [Sutherland et al.,
1993; Cross et al., 1994]. Insulin and other
mitogenic stimuli have been shown to inhibit
Gsk3B by ~50% [Borthwick et al., 1995; Staal
etal., 1999]. Here, we report thatin R~/IR” cells
both IGF-II and insulin induce up to 70—-80%
deactivation of Gsk3p enzymatic activity. These
data suggest that, at least in these embryonic
cells, there may exist a more abundant pool of
Gsk3p that is readily available for modulation
by insulin and IGF-II via the IR isoform A.
Interestingly, in these cells IGF-II and insulin
deactivated Gsk3o much less effectively than
Gsk3p. Furthermore, our study demonstrates
that maximal Gsk3p deactivation occurs within
1-3 min after insulin or IGF-II treatment. Akt
activation, however, reaches its maximum at 5—
10 min in these cells. The rapid maximal
deactivation of Gsk3p preceding maximal Akt
activation raises the possibility that maximal
Gsk3pB deactivation does not require full Akt
activation and/or that Gsk3p may be regulated
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by additional signaling components other than
Akt. In agreement with the latter hypothesis,
Delcommenne et al. [1998] have reported that
Gsk3B could be directly regulated by the
integrin-linked kinase in an insulin and wort-
mannin-sensitive pathway. Gsk3 has a broad
substrate specificity for a variety of cellular
targets, including transcription factors such as
c-jun, c-myc, c-myb, and CREB, the microtu-
bule-associated protein Tau, the translation
factor elF-2B and the regulatory subunit of
cyclic AMP-dependent protein kinase [Plyte
et al., 1992]. Although the exact role of Gsk3 in
cell growth is still unclear, its ability to
phosphorylate a number of molecules impli-
cated in mitogenesis suggest a critical role for
Gsk3 in the regulation of cell growth. Under the
experimental conditions used for this study,
both IGF-II and insulin similarly induced the
rapid and transient phosphorylation/activation
of Erk 1 and 2. This is consistent with our
previous report [Frasca et al., 1999].

Insulin and IGF-I increase stimulation of AP-
1 transcriptional activity [Monier et al., 1994;
Griffiths et al.,, 1998]. The proto-oncogenic
protein c-jun is the major component of the
AP-1 transcriptional complex. c-jun is directly
phosphorylated by Gsk3p in vitro on sites that
negatively regulates its DNA binding [Boyle
etal., 1991; Nikolakaki et al., 1993]. Cotransfec-
tion experiments have also shown that over-
expression of Gsk3p or its Drosophila
homologue shaggy negatively regulates c-jun
transcriptional activity [De Groot et al., 1993].
Moreover, a Gsk3p kinase defective mutant is
able to prevent the inhibitory effect of Gsk3f on
c-jun [Nikolakaki et al., 1993]. Therefore, we
hypothesized that c-jun/AP-1 represents a
relevant target of IGF-II signaling via Gsk3p
deactivation in R /IR” cells. However, we found
that IGF-II and insulin induce only a slight
increase of the AP-1 transcriptional activity
suggesting that additional factors may be
required for full activation of AP-1 in vivo. In
thisregard, it should be noted that c-jun activity
can be regulated by differential phosphoryla-
tion on both Gsk3 and Erk-sensitive sites. The
coordinated c-jun phosphorylation at these sites
may be required for its full activation [Hesketh,
1997].

We have previously reported that IGF-II
stimulated cell growth in R7/IR® cells as
assessed by thymidine incorporation into DNA
and that IGF-II induced DNA synthesis more

efficiently than insulin in cells serum-deprived
for 48 h [Frasca et al., 1999]. In the present
study, we further investigated the IGF-II
mitogenic potential in R-IR? cells by assessing
the cell cycle progression following IGF-II
treatment. Under our experimental conditions,
IGF-II at 10 nM doubled the cell population at
the synthetic (S) phase after 12 h and that at
the mitotic phase (G2/M) after 24 h. Insulin
increased the cell populations at S and G2/M
phases with a similar time course. These data
also showed time-dependent continuous de-
creases in the G1/GO cell population concomi-
tant with increases in the G2/M cell population.
When S and G2/M cell populations were
combined, a similar time-dependent continuous
increase in response to the two ligands is found.
However, the analysis of the S phase cell
population alone (representing the DNA syn-
thetic process) provides a different profile
peaking at 12 h and varying at times following
treatments.

In summary, our studies strongly support the
role of IR® in the IGF-II-mediated mitogenic
signaling and further suggest that the activa-
tion of the Akt/Gsk3p axis and Erk are intrinsic
elements of this process. Further studies are
required to fully characterize the upstream
regulation and the specific role of Gsk3p in
IGF-II-mediated cell growth.
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