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A variety of human malignancies overexpresses isoform A of the insulin receptor (IR-A) and pro-
duces IGFs (IGF-I and/or IGF-II). IR-A binds IGF-II with high affinity (although 4-fold lower than that
for insulin), whereas it binds IGF-I with low affinity (approximately 30-fold lower than that for
insulin). However, in engineered cells expressing only the IR-A, but not IGF-I receptor (R�/IR-A cells),
IGF-II is a more potent mitogen than insulin. Herein, we investigated downstream signaling of
IGF-II, IGF-I, and insulin in R�/IR-A cells to better understand their role in cell growth. We found that
despite inducing a lower IR-A autophosphorylation than insulin, IGF-II was more potent than
insulin for activating p70S6 kinase (p70S6K) and approximately equally potent in activating the
early peaks of ERK1/2 and Akt. However, ERK1/2 activation persisted longer after IGF-II, whereas
Akt activation persisted longer after insulin. Therefore, cells stimulated with IGF-II had a higher
p70S6K/Akt activation ratio than cells stimulated with insulin. Remarkably, IGF-I also elicited a
similar signaling pattern as IGF-II, despite inducing minimal IR-A autophosphorylation. ERK1/2 and
protein kinase C seem to be involved in the preferential stimulation of p70S6K by IGFs. In conclu-
sion, our study has identified a novel complex role of IR-A, which not only elicits a unique signaling
pattern after IGF-II binding but also induces substantial downstream signaling upon binding to the
low-affinity ligand IGF-I. These results underline the role of IR-A in physiology and disease.
(Endocrinology 150: 3594–3602, 2009)

Insulin receptor (IR) isoform A (IR-A), one of the two isoforms
of the IR, is generated by the skipping of exon 11 of the IR gene

and differs from the other IR isoform (IR-B) because it lacks a
stretch of 12 amino acid residues at the carboxy terminus of the
IR �-subunit (1–3). Both IR isoforms are coexpressed in cells,
and the relative abundance of IR-A and IR-B is regulated by
development stage- and tissue-specific factors (4, 5). IR-A is pre-
dominantly expressed in fetal and cancer cells, whereas IR-B is
predominantly expressed in differentiated insulin target cells (6,
7). Unlike IR-B, which is a highly specific receptor for insulin,
IR-A exhibits high affinity for insulin, intermediate affinity for
IGF-II, and low affinity for IGF-I (6). IGF-II binds to IGF type I
receptor (IGF-IR) and to IR-A with similar affinities and shares
with the homolog IGF-I potent mitogenic and antiapoptotic ef-
fects (6, 8). Despite the homology with IGF-II, IGF-I binds with

high affinity only to the IGF-IR, and its affinity for the IR-A is
approximately 10-fold lower than that of IGF-II (6) although
approximately 3-fold higher than its affinity for the IR-B. At
present, the activation of intracellular signaling upon IGF-I bind-
ing to IR is considered negligible, although a recent study has
reported that IGF-I may elicit biological effects by binding, but
not phosphorylating, both IR-A and IR-B (9).

In contrast, several studies have firmly established that IGF-II
elicits biological effects via IR-A. For instance, in mouse fibro-
blasts expressing only IR-A and not IGF-IR (R�/IR-A cells),
IGF-II was a more potent mitogen than insulin itself (6). In
SKUT-1 human rhabdomyosarcoma cells, which lack functional
IGF-IR and express almost only IR-A, IGF-II was more potent
than insulin in inducing cell chemotaxis (10). Moreover, the
global profile of gene expression elicited by IGF-II and insulin in
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R�/IR-A is partially different (11), with IGF-II being more potent
than insulin in regulating certain genes (11). However, the sig-
naling pathways responsible for this unique biological response
after IR-A activation by IGF-II are not completely understood,
although there is evidence that IGF-II, compared with insulin,
induces a different balance between the phosphatidylinositol
3-kinase (PI3-K) and the ERK1/2 pathways (6, 10). The strong
signaling activation and biological effects elicited by IGF-II bind-
ing to IR-A, despite a relatively low receptor autophosphoryla-
tion, led us to hypothesize that also the low-affinity ligand IGF-I
could elicit downstream signaling by binding to IR-A.

We therefore investigated the activation of the downstream
signaling in R�/IR-A cells after stimulation with IGF-II, IGF-I, or
insulin, with a focus on kinase p70S6 kinase (p70S6K), a serine/
threonine protein kinase, which is activated by several growth
factors and plays a crucial role in cell growth and proliferation
(12–14). Activation of p70S6K depends on the sequential
phosphorylation of serine/threonine sites; full p70S6K acti-
vation requires the 3-phosphoinositide-dependent kinase-1
(PDK1) and the Raptor/mammalian target of rapamycin
(mTOR) complex, both located downstream of PI3-K (15,
16). However, other kinases, such as ERK1/2, may also affect
p70S6K activation (17).

We found that IGF-II induces a higher p70S6K/Akt ratio than
insulin and that also the low-affinity ligand IGF-I stimulates a
similar intracellular signaling than IGF-II.

Materials and Methods

Materials
See supplemental material (published as supplemental data on The

Endocrine Society’s Journals Online web site at http://endo.
endojournals.org).

Cell cultures
R� mouse fibroblasts (kindly provided by Renato Baserga, Philadel-

phia, PA) are mouse 3T3-like cells derived from animals with a targeted
disruption of the IGF-IR gene. R� cells, which express low endogenous
IR (approximately 5 � 103 receptors per cell) (18), were cotransfected
with the pNTK2 expression vector containing the cDNA for the human
IR-A (Ex11�) and with the pPDV61 plasmid encoding the puromicin
resistance gene, by using the Lipofectamine reagent (Life Technologies,
Inc./BRL, Bethesda, MD), as previously described (6). Cell clones ob-
tained (R�/IR-A cells) expressed approximately 3 � 105 to 5 � 105

receptors per cell (19).

Western blotting analysis
Subconfluent cells were serum starved for 24 h and then treated with

insulin, IGF-II, or IGF-I at the indicated doses at 37 C. Ligand stimulation
was terminated, and cells were solubilized as previously described (19).
Whole-cell lysates were then subjected to reducing SDS-PAGE on 10%
polyacrylamide gel. The resolved proteins were transferred to nitrocellulose
membranes and subjected to immunoblot analysis with the indicated anti-
bodies.All immunoblotswere revealedby the enhancedchemiluminescence
method(Amersham,LittleChalfont,UK),autoradiographed,andsubjected
to densitometric analysis.

RT-PCR
RT-PCR for mouse IR isoforms was carried out as previously de-

scribed (20) with oligonucleotide primers spanning nucleotides 2147–

2171 (5�-ATC AGA GTG AGT ATG ACG ACT CGG-3�) and 2349–
2373 (5�-TCC TGA CTT GTG GGC ACA ATG GTA-3�) of the mouse
IR. PCR amplification was carried out for 30 cycles of 30 sec at 94 C, 30
sec at 60 C, and 45 sec at 72 C in a DNA thermal cycler 9700 (Applied
Biosystems Inc., Foster City, CA). After electrophoresis of the PCR prod-
ucts, the 286- and 250-bp DNA fragments representing Ex11� and
Ex11� IR isoforms were analyzed by scanning densitometry.

Statistical analysis
Phosphorylation curves in response to either insulin or IGF-II were

compared by two-way ANOVA. Differences between means were ana-
lyzed by the Student’s t test for paired samples. A P value �0.05 was
considered statistically significant. Statistical analysis was carried out
with GraphPad software (Prism, London, UK).

Results

Activation kinetics of p70S6K, 4E-binding protein 1
(4EBP1), and IR-A by IGF-II and insulin

Activation of the p70S6K is a crucial step for both cell survival and
growth in response to IGFs and insulin (12, 21). Therefore, we first
compared the activation of p70SK in response to IGF-II and insulin. After
phosphorylation of Thr-421 and Ser-424, full activation of p70S6K re-
quires phosphorylation of Thr-389, which is dependent on the Raptor/
mTOR complex (22), is strictly related to the p70S6K activity, and is a
prerequisite for the phosphorylation of Thr-229 by PDK1 (23).

Time-course of p70S6K phosphorylation
In cells incubated with both IGF-II and insulin (10 nM), Thr-421/

Ser-424 phosphorylation started within 5 min and reached a peak at 40
min, remaining elevated from 20–80 min. At 180 min, Thr-421/Ser-424
phosphorylation declined but was still well above baseline levels (Fig.
1A). Thr-389 phosphorylation followed a similar pattern, except for
showing a more evident and earlier decline, especially after insulin (Fig.
1B). On the average, IGF-II was significantly more potent than insulin in
inducing p70S6K phosphorylation at Thr-389 (P � 0.005), whereas
differences observed with Thr-421/Ser-424 phosphorylation did not
reach statistical significance (P � 0.09) (Fig. 1, A and B).

Time course of 4EBP1 phosphorylation
The elongating factor 4EBP1 is also phosphorylated by the Raptor/

mTOR complex. 4EBP1 phosphorylation requires two steps. In the first
step, mTOR phosphorylates Thr-37 and Thr-46. The second phosphory-
lation step involves serum-dependent phosphorylation at Ser-65 and Thr-
70. We studied the phosphorylation pattern of 4EBP1 with a phosphoan-
tibody recognizing the Thr-37/Thr-46 phosphosite. After both insulin and
IGF-II, 4EBP1 phosphorylation reached high levels at 20 min. It tended to
decline at 180 min after IGF-II but not after insulin. On the average, insulin
wasmorepotent than IGF-II (P�0.008) (Fig. 1C).Very similar resultswere
obtained with phosphorylation on Thr-70 (not shown).

These data indicate that IGF-II potently activates p70S6K and 4EBP1
phosphorylation by binding to the IR-A. However, p70S6K was pre-
dominantly phosphorylated by IGF-II, whereas 4EBP1 was predomi-
nantly phosphorylated by insulin.

Time course of IR-A autophosphorylation
The higher p70S6K phosphorylation observed after IGF-II compared

with insulin apparently contrasts with the lower IGF-II binding affinity
to IR-A (6). We therefore evaluated the time course of IR-A autophos-
phorylation (Tyr-1150/1151) after IGF-II and insulin. IR-A autophos-
phorylation after IGF-II was 50–60% that observed after insulin in
terms of maximum values and remained significantly lower than after
insulin at all time points (P � 0.0001) (Fig. 1D).
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R�/IR-A cells express low levels of endogenous (mouse) IRs (60- to
100-fold lower than the transfected human IR-A). Although these mouse
IRs should not interfere with the response to the transfected IR-A, we
evaluated the relative abundance of mouse IR isoforms in R�/IR-A cells.
We found that R�/IR-A cells express exclusively the mouse IR-A (Fig.
1D, inset) as well as R� cells transfected with the human IR-B (R�/IR-B).
In contrast, mouse hepatocytes express predominantly the mouse IR-B.

IGF-II, via the IR-A receptor, induces a
higher p70S6K/Akt activation ratio than
insulin

Similarly to p70S6K, full Akt activation re-
quires both PI3-K and mTOR. PI3-K is needed be-
cause Akt translocates to the cell membrane, where
it interacts with phosphoinositols produced by
PI3-K activity and then is phosphorylated by PDK1
at Tyr-308. mTOR is needed because it phosphor-
ylates Akt on Ser-473 after interacting with Rictor
and forming a Rictor/mTOR complex (24). We
therefore evaluated whether the kinetics of Akt
phosphorylation at both sites was similar to
p70S6K phosphorylation. Phosphorylation on
Thr-308 peaked at 2–5 min with both ligands and
then sharply declined, with insulin being slightly
more potent (Fig. 1E). Phosphorylation on Ser-473
also markedly increased at 2–5 min with both IGF-II
and insulin. However, Ser-473 phosphorylation re-
mained high until 80 min, with insulin being more
potent than IGF-II (Fig. 1F). On average, insulin was
significantly more potent than IGF-II both on Ser-
473-Akt (P � 0.034) and on Thr-308-Akt (P �
0.036). Therefore, the p70S6K/Akt activation ratio
washigherafter IGF-II thanafter insulin (2.72�0.12
vs. 1.25 � 0.13, respectively at 40 min, P � 0.02).

Three Akt isoforms (Akt1 to Akt3) have been
described, with different tissue-specific expression
and functional characteristics. We therefore asked
whether a differential Akt isoforms activation by
IGF-II and insulin could account for the partially
different biological effects of IGF-II and insulin.
R�/IR-A cells were incubated in the presence or
absence of IGF-II or insulin at 10 nM for 30 min.
IGF-I was also used. Cell lysates were immunopre-
cipitated with isoform-specific antibodies to Akt
and then blotted with non-isoform-specific phos-
phoantibodies to Akt. We found that Akt1 is the
predominant isoform in R�/IR-A cells and ac-
counted for most of the phosphorylation signal ob-
served on Ser-473 and virtually the entire phos-
phorylation on Thr-308 (Fig. 2C). Although both
Akt2 and Akt3 showed low ligand-stimulated Ser-
473 phosphorylation, they did not show any phos-
phorylation on Thr-308 (expect for a barely de-
tectable signal after insulin) (Fig. 2C). Insulin was
the most potent stimulus for all Akt isoforms (sup-
plemental Fig. 1).

IGF-II, via the IR-A receptor, induces a
higher ERK1/2/Akt activation ratio than
insulin

We next evaluated the activation kinetics of the
various MAPKs in response to IGF-II and insulin.
ERK1/2 phosphorylation activation was biphasic
after both IGF-II and insulin. The first activation
peak was evident at 2–5 min and the second one
much later (80 min) (Fig. 2A). On average, the in-
tensity of the first peak was slightly more elevated
with insulin, whereas the second peak was slightly

more elevated and prolonged with IGF-II (Fig. 2A). The differences be-
tween the two ligands, however, did not reach statistical significance. A
similar kinetics was also observed for c-Jun N-terminal protein kinase
(JNK) phosphorylation; insulin tended to be more potent than IGF-II at
early time points (2–20 min) but slightly less potent at late time points
(80–180 min) (Fig. 2B). p38 MAPK phosphorylation was also biphasic,

A B

C D

E F

FIG. 1. Time course of IGF-II- and insulin-mediated phosphorylation of p70S6K, 4EBP1, IR, and Akt
in R�/IR-A cells. R�/IR-A cells were serum starved for 24 h. After stimulation with 10 nM IGF-II or
insulin for the indicated times, cells were lysed and analyzed by Western blot. Filters were
immunoblotted with phospho-T421/S424-p70S6K antibody (A), phospho-T389-p70S6K antibody (B);
phospho-T37/T46-p4EBP1 antibody (C), and phospho-Y1150/Y1151-IR (D). The top panels show the
mean and SE of four separate experiments, and the bottom panels show a representative experiment.
The same blots were probed with an anti-p70S6K or an anti-IR or an anti-�-tubulin antibody to
check for protein loading. Values of T389-p70S6K phosphorylation after IGF-II were significantly
higher than after insulin (P � 0.005). However, the proportion of T37/T46-p4EBP1 was higher after
insulin than after IGF-II (P � 0.009). D, Inset shows endogenous (mouse) IR isoforms expressed in
IR-A or IR-B transfected R� cells (R�/IR-A and R�/IR-B) and in control mouse hepatocytes (Hep), as
determined by RT-PCR. E and F, R�/IR-A cells were serum starved for 24 h and stimulated with 10 nM

IGF-II or insulin for the indicated times. Cells were then lysed and analyzed by SDS-PAGE and
immunoblotted with either phospho-T308-Akt (E) or phospho-S473-Akt (F) antibodies. The top
panels show the mean and SE of three separate experiments, and the bottom panels show a
representative experiment of three. The same blots were probed with an anti-Akt or an anti-�-
tubulin antibody to check for protein loading. Values of Akt phosphorylation were significantly
higher after insulin than after IGF-II (P � 0.034 for Ser473-Akt and P � 0.036 for Thr308-Akt).
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with an early peak at 2–5 min and a late peak at 80–180 min. Insulin was
more potent than IGF-II at all time points (P � 0.0001) (Fig. 2C). When
analyzed together with Akt data, these findings indicate that IGF-II and
insulin differentially affect the balance between the active forms of
ERK1/2 and Akt. As a consequence, a higher ERK1/2/Akt activation
ratio is seen after IGF-II than after insulin, especially at the late time
points (0.92 � 0.17 vs. 0.53 � 0.10 at 80 min, for IGF-II and insulin,
respectively, P � 0.043).

IGF-I induces downstream signaling via IR-A
The high p70S6K/Akt and ERK1/2/Akt activation ratios caused by

cell exposure to IGF-II occurred at a lower IR-A phosphorylation than
that induced by insulin. We wondered, therefore, whether also the low-
affinity IR-A ligand IGF-I could elicit similar effects and whether this
effect was dose dependent. Dose-response experiments were carried out
using IGF-I, IGF-II, or insulin. After exposure to insulin, IR-A phos-
phorylation became detectable at 0.1 nM and reached the maximum level
at 10 nM. As expected, IGF-II and IGF-I were weaker stimulators of IR-A
phosphorylation, being approximately 10- and 100-fold less effective
than insulin, respectively (Fig. 3A, top).

Akt phosphorylation (on both Thr-308 and Ser-473) followed a sim-
ilar pattern, although it was more marked than expected in cells stimu-
lated with IGF-I. In contrast, p70S6K phosphorylation followed a dif-
ferent pattern; it was already clearly stimulated at 0.1 nM with all three
ligands and reached the maximum at 1.0 nM after IGF-II and insulin (Fig.
3A, top). There was no clear difference between the phosphorylation
pattern on Thr-389 and on Thr-424/Ser-421, although phosphorylation
on Thr-389 was more marked. The ratio between p70S6K phosphory-
lation (Thr-389) and Akt phosphorylation (Ser-473), was, therefore,
significantly higher (P � 0.05) with IGFs than with insulin, especially at
low ligand concentrations (Fig. 3A, bottom). ERK1/2 phosphorylation
was less pronounced than Akt or p70S6K phosphorylation and often
peaked at 0.1–1.0 nM after IGF-II and insulin (Fig. 4A, top). mTOR-
dependent 4EBP1 phosphorylation, was, however, slightly more marked
with insulin than with IGFs (Fig. 3A).

Time-course experiments with each ligand at 10 nM confirmed that
both IGF-I and IGF-II induce a higher p70S6K/Akt activation ratio than
insulin, especially at late time points (20–80 min) (Fig. 3B, top and
bottom).

Because p70S6K and ERK1/2 activation occurred with IGF-I con-
centrations that induce minimal IR-A autophosphorylation, we evalu-
ated whether these effects are really dependent on IR-A autophosphor-
ylation and do not involve nonspecific interactions of IGFs with other
membrane receptors. Indeed, cell preincubation with the IR tyrosine
kinase inhibitor hydroxy-2-naphthalenylmethylphosphonic acid (0.5
�M) switched off the phosphorylation of downstream kinases (p70S6K,
Akt, and ERK1/2) induced by insulin and by IGFs, confirming that these
effects are dependent on IR-A autophosphorylation (Fig. 3C). In con-
trast, cell incubation with an epidermal growth factor receptor tyrosine
kinase inhibitor (AG1478, 20 �M) did not affect IGFs or insulin signaling
(Fig. 3C).

IR substrate (IRS)-1 and IRS-2 phosphorylation: possible
role in the pp70S6/pAkt balance after IGFs and insulin

To identify possible differences in intracellular signaling explaining
the different p70S6K/Akt activation ratio observed after IGFs and insu-
lin, we evaluated the relative potency of the three ligands in eliciting
phosphorylation of immediate IR substrates IRS-1 and IRS-2.

IRS-1 tyrosine phosphorylation was parallel to the degree of IR-A
phosphorylation (Fig. 4A). In contrast, IRS-2 tyrosine phosphorylation
was equally activated by IGF-II and insulin (Fig. 4A).

IRS-1 protein may also be phosphorylated on several serine residues
that are involved in a negative feedback loop that limits the effects of IR
stimulation. We therefore evaluated IRS-1 phosphorylation on Ser-636/
Ser-639, which is p70S6K/mTOR dependent, and on Ser-307, which is
phosphorylated by JNK but also by other kinases including p70S6K. The
degree of IRS-1 serine phosphorylation after IGFs was not significantly
different from that reached after insulin (Fig. 4, B and C) despite the
markedly lower IR phosphorylation obtained with IGFs as compared
with insulin. The high levels of IRS-1 serine phosphorylation were in
close agreement with the high p70S6K activation observed after IGFs.

ERK1/2 may have a role in the differential activation of
p70S6K by IGFs and insulin

PI3-K-dependent activation of the Raptor/mTOR complex is a crit-
ical step for full p70S6K activation. However, other kinases, such as the
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FIG. 2. Time course of ERK1/2, JNK, and p38 phosphorylation in response to
IGF-II and insulin. R�/IR-A cells were serum starved for 24 h and stimulated with
10 nM IGF-II or insulin for the indicated times. Cells were then lysed and analyzed
by SDS-PAGE and immunoblotted with phospho-ERK1/2 antibody (A), phospho-
JNK antibody (B), and phospho-p38 antibody (C). The top panels show the mean
and SE of three separate experiments, and the bottom panels show a
representative experiment of three. The same blots were probed with an
anti-ERK1/2, an anti-JNK, or an anti-p38 antibody to check for protein loading.
Two-way ANOVA showed no significant difference between the two ligands
with regard to ERK1/2 and JNK activation curves. However, insulin was more
potent than IGF-II in eliciting p38 phosphorylation (P � 0.0001).
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MAPKs, may also play a role. In particular, ERK1/2 may be involved in
p70S6K phosphorylation on Thr-421 and Ser-424. We therefore eval-
uated the possible role of these kinases in the differential p70S6K acti-
vation by IGFs and insulin. R�/IR-A cells were first preincubated with
either rapamycin (10 nM, inhibitor of the Raptor/mTOR complex) or
with LY294002 (5 �M, inhibitor of PI3-K) or with PD98059 or U0126
[50 and 5 �M, respectively, both inhibitors of the MAPK kinase 1
(MEK1)/ERK1/2 pathway] and then exposed to IGF-I, IGF-II, or insulin
(10 nM for 20 min).

Rapamycin virtually abolished p70S6K phosphorylation at Thr-389
with no difference among the three ligands (Fig. 5A). Moreover, rapa-
mycin slightly increased Akt phosphorylation at Ser-473 (P � 0.05) in

response to all three ligands, but especially to IGFs (Fig.
5A), as expected by the blockade of feedback inhibition of
IRS-1 by the mTOR/p70S6K pathway.

The PI3-K inhibitor LY294002 completely abolished
ligand-stimulated p70S6K on Thr-389 and markedly re-
duced phosphorylation on Thr-421/Ser-424. LY294002
also abolished Akt phosphorylation (Fig. 5B).

Cell incubation with the MEK1 inhibitors PD98059 or
U0126 markedly inhibited ligand-stimulated ERK1/2
phosphorylation and decreased p70S6K phosphorylation,
especially after IGFs. Akt phosphorylation on Ser-473 re-
mained unaltered or slightly increased (Fig. 5B). ERK1/2
inhibition, therefore, shifted the p70S6K/Akt activation ratio
in favor of Akt. This effect was more evident in cells stimu-
latedwith IGFs (P�0.005) rather thanwith insulin (Fig.5C).
These data suggest that the ERK1/2 pathway contributes to
the p70S6K activation especially in response to IGFs.

The possible role of other members of the MAPK family
was evaluated by preincubating cells with SP600125, a
specific inhibitor of JNK, or with SB203580, an inhibitor
of p38 MAPK. p70S6K phosphorylation was not affected
by SP600125 (not shown), whereas it was partially inhib-
ited by SB203580, which also blunted the Akt response
(not shown).

Possible role of protein kinase C (PKC) in
affecting the p70S6K and Akt
phosphorylation balance after IGFs
and insulin

The PKC pathway may also be involved in p70S6K
regulation. Several PKC isoforms are stimulated by insulin/
IGFs. In particular, the PKC�, belonging to novel PKCs,
and PKC�, belonging to atypical PKCs, have been involved
in the regulation of p70S6K activity in response to
insulin/IGFs.

We first evaluated the effect of rottlerin, a PKC� inhib-
itor, and of P9103-71, a PKC� inhibitor. Preincubation
with rottlerin did not elicit any significant effect on ligand-
stimulated p70S6K phosphorylation (not shown). In con-
trast, preincubation with P9103-71 slightly reduced
p70S6K phosphorylation but slightly increased S473-Akt
phosphorylation (Fig. 6A). The net effect was a reduced
p70S6K/Akt activation ratio. However, although this
trend was consistent, the effect did not reach statistical
significance (Fig. 6B).

We then evaluated the effect of a more general PKC
inhibitor, GF109203X, also termed bisindolylmaleimide I
(BIM). BIM has been reported to specifically inhibit clas-
sical and novel PCK isoforms at 1 �M whereas it also in-
hibits atypical PKCs at 10 �M. Preincubation with 1 �M

BIM did not affect p70S6K phosphorylation in response to
either IGFs or insulin (Fig. 6C). However, it slightly but
consistently increased Akt-Ser473 phosphorylation in re-
sponse to IGF-II and insulin (�18.3 � 4%, P � 0.04) but
not to IGF-I. ERK1/2 phosphorylation was unaffected.
Preincubation with 10 �M BIM slightly increased Thr-389-

p70S6K phosphorylation in response to IGF-II and insulin (�15.2 � 3%
and �26.2 � 4%, respectively, not significant) but not in response to
IGF-I (�3.1 � 4%) (Fig. 6C). ERK1/2 phosphorylation similarly in-
creased in cells stimulated with IGF-II or insulin but not with IGF-I.
Ser-473-Akt phosphorylation increased in response to all three ligands
(�21 � 15%, �35 � 9%, and �55 � 11% after IGF-I, IGF-II, and
insulin, respectively), although it reached statistical significance only for
IGF-II and insulin (P � 0.05) (Fig. 6C). As a consequence, preincubation
with BIM tended to decrease the p70S6K/Akt phosphorylation ratio.
This difference reached significance for IGFs after 10 �M BIM (P � 0.045
and P � 0.003, after IGF-I and IGF-II, respectively) (Fig. 6D).

A B

C

FIG. 3. Time course and dose response of IR phosphorylation and downstream signaling after
stimulation with IGF-I, IGF-II, and insulin. Effect of IR tyrosine kinase inhibition. A, R�/IR-A cells
were serum starved for 24 h and then exposed to the indicated concentrations of either IGF-I or
IGF-II or insulin, solubilized, and analyzed by Western blot. Filters were probed with phospho-
antibodies to pIR (Y1150/Y1151), p70S6K (T421/S424-p70S6K and T389-p70S6K), pAkt (T308-Akt
and S473-Akt), phospho-ERK1/2 (T202/Y204), and phospho-4EBP1 (T37/T46). Immunoblotting
with anti-IR, anti-p70S6K, anti-Akt, and anti-�-actin antibodies was used to check for protein
loading. The top panel shows a representative experiment of three. The bottom panel shows the
p70S6K/Akt activation ratio (mean � SE) obtained from three experiments. *, P � 0.05, IGF-I vs.
insulin and IGF-II vs. insulin. B, R�/IR-A cells were incubated with 10 nM of either IGF-I or IGF-II or
insulin and processed for Western blot analysis at the indicated time points, as above. Filters were
probed as above. The top panel shows a representative experiment of three. The bottom panel
shows the p70S6K/Akt activation ratio (mean � SE) obtained from three experiments. *, P � 0.05; °,
P � 0.03, IGF-I and IGF-II vs. insulin. C, R�/IR-A cells were serum starved for 24 h and preincubated
for 60 min with either the IR inhibitor hydroxy-2-naphthalenylmethylphosphonic acid (0.5 �M) or the
epidermal growth factor (EGF) receptor inhibitor AG1478 (20 �M) as negative control. Cells were
then exposed to 10 nM IGF-I, IGF-II, or insulin, solubilized, and analyzed by Western blot. Filters were
probed with phospho-antibodies to p70S6K (T389–p70S6K), pAkt (S473-Akt), and phospho-ERK1/2.
Immunoblotting with anti-�-tubulin antibody was used to check for protein loading. IR inhibition, but
not epidermal growth factor receptor inhibition, completely blocked downstream signaling by all
three ligands.
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These data suggest that PKCs have a complex role in the balance of
p70S6K and Akt phosphorylation. PKCs, especially atypical PKCs, may
have a direct stimulatory effect on p70S6K activity both after insulin and
IGFs. However, the increase of Akt and p70S6K phosphorylation after
BIM confirms that PKCs are also involved in the inhibitory feedback of
IR-A signaling, especially after insulin or IGF-II stimulation, whereas
IGF-I is less active.

Discussion

In the present study, we investigated the pattern of intracellular
signaling elicited by both IGF-I and IGF-II in cells null for the
IGF-IR and overexpressing the IR isoform A (R�/IR-A cells). We
found that not only IGF-II but also IGF-I elicits a peculiar sig-
naling pattern characterized by a relatively high p70S6K re-
sponse, compared with insulin. More specifically, major results
of our study can be summarized as follows: 1) IGF-II activates
p70S6K and ERK1/2 at levels similar or even higher than insulin
despite inducing approximately 50% lower IR-A autophosphor-
ylation than insulin, 2) IGF-II induces a higher p70S6K/Akt ac-
tivation ratio compared with insulin, and 3) IGF-I elicits a similar
signaling pattern than IGF-II, although it binds IR-A with much
lower affinity than IGF-II.

These differences in postreceptor signaling between IR-A li-
gands may account for the more potent mitogenic effect but less
potent metabolic effect of IGF-II in respect to insulin in R�/IR-A
cells (6, 25) and for the partially different patterns of gene ex-
pression after IGF-II and insulin (26).

Of special relevance is the observation that IGF-I
may elicit high p70S6K activation in R�/IR-A cells
despite causing very low IR-A phosphorylation. The
IGF-I binding affinity for the IR-A is approximately
10-fold lower than that for IGF-II and approxi-
mately 30-fold lower than that of insulin. Neverthe-
less, this IGF-I effect requires IR-A phosphorylation,
because a specific IR phosphorylation inhibitor
blocks it. It is worth noting that endogenous (mouse)
IRs present in R�/IR-A cells cannot influence the
signaling differences observed because they are ex-
pressed as IR-A themselves.

Our present data are in agreement with recent
data of Denley et al. (9), who reported that IGF-I
might induce biological effects in R� cells expressing
either IR-A or IR-B. These authors, however, ob-
served only a delayed low-level Akt activation in
cells exposed to IGF-I; p70S6K was not investigated
(9). In our study, IGF-I elicited a clear Akt phos-
phorylation although less pronounced than p70S6K
phosphorylation.

The mechanisms through which both IGFs cause
similar or even higher p70S6K activation than insulin,
despite a lower IR-A phosphorylation, appear com-
plex and dose dependent. p70S6K is activated by
different kinases at multiple sites (22, 27). Initial
phosphorylation involving the autoinhibitory
pseudosubstrate domain (Ser-411, Ser-418, Thr-421,
Ser-424, and Ser-429) and the catalytic domain exten-
sion (Thr-390 and Ser-394) relieves pseudosubstrate

suppression at the autoinhibitory domain, allowing phosphoryla-
tion on Thr-389 and Thr-229 in the catalytic domain and conse-
quent fullactivation(22,27)bytheRaptor/mTORcomplexandthe
PDK1, respectively (15, 23, 28, 29).

Akt activation requires first Ser-473 phosphorylation by the
mTOR/Rictor complex (24) followed by Thr-308 phosphoryla-
tion by PDK1 (15). In our system, although IGF-II and insulin
were approximately equipotent in terms of Akt peak stimulation,
the IGF-II effect was more transient. This caused a higher
p70S6K/Akt activation ratio than insulin, especially at 20–80
min. IGF-I was an even weaker Akt stimulator than IGF-II.

Akt exists in three isoforms (30). Because Akt1 has been pre-
dominantly implicated in growth stimulation but Akt2 in met-
abolic effects, we evaluated whether IGFs and insulin differen-
tially activate Akt isoforms. We found that Akt1 was the most
represented isoform in R�/IR-A cells, with Akt2 and Akt3 being
expressed at a much lower level. Akt1 accounted for most Akt
phosphorylation, and no Akt isoform appeared preferentially
activated by IGFs. Therefore, the differential biological effects
elicited by insulin and by IGF-II in R�/IR-A cells (6, 25) are not
likely to be mediated by a differential activation of Akt isoforms.

Another interesting feature of IR-A signaling is that both IGFs
appear to shift the balance of phosphorylation from IRS-1 to
IRS-2. These data are in agreement with our previous results
obtained with IGF-II (6). Whether and how this could be related
with the shift in the balance of p70S6K/Akt activation is at the
moment unclear.

A

B C

FIG. 4. IRS protein phosphorylation in response to IGF-I, IGF-II, and insulin. A, IR, IRS-1, and IRS-
2 tyrosine phosphorylation in R�/IR-A cells incubated with IGF-I, IGF-II, or insulin (10 nM for 5
min). Cell lysates were immunoprecipitated with anti-IR, anti-IRS-1, or anti-IRS-2 and then
immunoblotted with anti-Py. Immunoblotting with anti-IRS-1 and anti-IRS-2 antibodies were
used to control for protein loading. B and C, Dose response (B) and time course (C) of
phosphorylation of IR (Y1150/Y1151) and serine IRS-1 (residues S636/S639 and S307) in cells
treated with IGF-I, IGF-II, and insulin for 30 min. Immunoblotting with anti-IR and anti-�-tubulin
antibodies was used to control for protein loading. In B and C, bottom panels represent
composite graphs of IRS-1 serine phosphorylation. Columns represent means of three separate
experiments; bars are SE.
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However, this different balance of p70S6K/Akt activation
may in turn differentially affect IRS-1 phosphorylation on serine
residues, a mechanism that provides a negative feedback loop
and contributes to fine-tune the inhibition of insulin/IGF stim-
ulation (31). In fact, the high IGF-mediated p70S6K activation
was mirrored by IRS-1 phosphorylation on Ser-636/Ser-639 and
Ser-307 (32). Specifically, Ser-636/Ser-639 phosphorylation,
which interferes with the PI3-K/Akt signaling (33), is mTOR
dependent (34) and also requires p70S6K1 (32). Ser-307 phos-
phorylation, which promotes a general inhibition of IRS-1 sig-
naling (35), requires both the PI3-K/mTOR/p70S6K cascade and
JNK (36). We found that IRS-1 phosphorylation on Ser-636/
Ser-639 and Ser-307 was approximately equally stimulated by
IGFs and insulin.

Inhibition of Raptor/mTOR complex by rapamycin com-
pletely inhibited p70S6K phosphorylation after IGFs or insulin,
indicating that Raptor/mTOR activity is equally required for
p70S6K activation by all three ligands. However, 4EBP1 phos-
phorylation, also downstream of the Raptor/mTOR complex
(37, 38), was greater after insulin than after IGFs, being, there-
fore, partially dissociated from p70S6K activation. These data

are in line with previous studies carried out in different model
systems (14, 39, 40).

PI3-K inhibition by LY294002 abolished Thr-389-p70S6K
phosphorylation and markedly reduced Thr-421/Ser-424-
p70S6K phosphorylation in cells stimulated with either IGFs or
insulin, indicating that PI3-K activity is required for full p70S6K
activation by all three ligands. LY294002 also inhibited Akt
phosphorylation on both Thr-308 and Ser-473, as expected.

Kinases other than Raptor/mTOR and PI3-K are involved in
the regulation of p70S6K activity (41–43). The residues Thr-
421/Ser-424 in the autoinhibitory domain are located in a ca-
nonical MAPK phosphorylation site (41), and both JNK and
ERK1/2 may affect p70S6K activation (42, 44). We examined,
therefore, the possible role of members of the MAPK family.
IGFs elicited a higher ERK1/2/Akt activation ratio than insulin,
especially at low ligand concentrations. In fact, although Akt
phosphorylation reached the maximum at 10 nM ligand concen-
tration, both p70S6K and ERK1/2 appear to require a lower
IR-A activation threshold. ERK1/2 inhibition by PD98059 or
U0126 reduced p70S6K phosphorylation while leaving unaf-
fected or slightly enhancing Akt phosphorylation, especially af-
ter IGFs. Taken together, these findings suggest that ERK1/2
may contribute to the preferential activation of p70S6K by IGFs.

PKC isoforms appear to play a complex role in the balance of
p70S6K and Akt phosphorylation in response to insulin and
IGFs. The PKC family includes several isoforms that can be
grouped into three categories: conventional, novel, and atypical
(45). The activity of several PKC isoforms may be regulated by
insulin and IGFs (46). In turn, components of all three PCK
categories play a dual role by stimulating some branches of in-
sulin signaling, such as p70S6K activity, and feeding back to
inhibit insulin/IGF signaling by inducing serine IRS phosphory-

A

B

C

FIG. 5. Effect of inhibitors of mTOR, MEK, and PI3-K. Serum-starved R�/IR-A
cells were preincubated for 60 min with the Raptor/mTOR complex inhibitor
rapamycin (10 nM) (A) or the MEK inhibitors PD098059 (50 �M) and U0126 (5
�M) or the PI3-K inhibitor Ly294002 (10 �M) (B). Cells were then exposed to 10
nM of IGF-I, IGF-II, or insulin, solubilized, and analyzed by Western blot. Filters
were probed as indicated. Immunoblotting with anti-Akt and/or anti-ERK and
anti-�-tubulin antibodies was used to check for protein loading. A representative
experiment is shown. C, p70S6K/Akt activation ratio in cells preincubated or not
with PD98059 (mean � SE of four experiments) or U0126 (mean � SE of three
experiments). Data showed a significant shift in the p70S6K/Akt phosphorylation
balance in response to IGF-I and IGF-II in cells preincubated with both inhibitors
(P � 0.01).

A B

C D

FIG. 6. Effect of PKC inhibitors. Serum-starved R�/IR-A cells were preincubated
for 60 min with either the PKC� inhibitor, PKC� myristoylated pseudosubstrate
(P9103-71, 5 �M) (A and B) or with the broad-range PKC inhibitor BIM (1 and 10
�M) (C and D). Cells were then exposed to 10 nM IGF-I, IGF-II, or insulin for 20
min, solubilized, and analyzed by Western blot. Filters were probed as indicated.
A representative of three different experiments is shown. B and D, p70S6K/Akt
activation ratio (mean � SE of three experiments) in cells preincubated or not
with either P9103-71 (B) or BIM (D). *, P � 0.045; °, P � 0.003, BIM vs. control.
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lation (46). We evaluated the possible role of PKC�, an atypical
PKC (47) and of PKC�, a novel PKC. PKC� is activated by PDK1
with a PI3-K-dependent mechanism in response to insulin (48).
Although it may phosphorylate p70S6K in certain model systems
(49), PKC� may also bind directly to Akt reducing its down-
stream signaling (50). We found that inhibition of PKC� slightly
reduced p70S6K phosphorylation with some increase of Akt
phosphorylation.

Although PKC� has also been involved in p70S6K phosphor-
ylation by insulin (45), the inhibition of PKC� was ineffective in
our system. PKC inhibition by the bisindolylmaleimide deriva-
tive BIM markedly increased Akt phosphorylation in response to
IGF-II and to insulin while only slightly increasing p70S6K. This
is consistent with the release of PKC-dependent negative feed-
back on Akt phosphorylation. The lower/absent increase of
p70S6K phosphorylation is consistent with the blockade of the
dual effects of PKCs, which can both stimulate p70S6K directly
and inhibit it by feeding back al the level of IRSs (46, 51). In-
terestingly, these data suggest that the limited ability of IGF-I to
activate this PKC-dependent negative feedback plays a role in
causing unexpectedly high p70S6K phosphorylation.

In conclusion, novel and unexpected findings indicate that,
besides IGF-II, also IGF-I can induce significant downstream
signaling via IR-A despite low-affinity binding and minimal IR-A
autophosphorylation. Unique features of both IGF-I and IGF-II
signaling in IGF-IR null cells expressing only IR-A are a high
p70S6K/Akt and ERK1/2/Akt activation ratios. These findings
may partially account for the different biological effects of IGF-II
and insulin observed in these cells and add new complexity to the
IGF system. Moreover, these results foster our understanding on
the complex role of IR-A overexpression in cancer and strongly
support the concept that IR-A should be regarded as a target for
anticancer therapies.
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