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The insulin-like growth factors (insulin-like growth factor I [IGF-I] and IGF-II) exert important effects on
growth, development, and differentiation through the IGF-I receptor (IGF-IR) transmembrane tyrosine kinase. The
insulin receptor (IR) is structurally related to the IGF-IR, and at high concentrations, the IGFs can also activate
the IR, in spite of their generally low affinity for the latter. Two mechanisms that facilitate cross talk between the
IGF ligands and the IR at physiological concentrations have been described. The first of these is the existence of an
alternatively spliced IR variant that exhibits high affinity for IGF-II as well as for insulin. A second phenomenon
is the ability of hybrid receptors comprised of IGF-IR and IR hemireceptors to bind IGFs, but not insulin. To date,
however, direct activation of an IR holoreceptor by IGF-I at physiological levels has not been demonstrated. We have
now found that IGF-I can function through both splice variants of the IR, in spite of low affinity, to specifically
activate IRS-2 to levels similar to those seen with equivalent concentrations of insulin or IGF-II. The specific
activation of IRS-2 by IGF-I through the IR does not result in activation of the extracellular signal-regulated kinase
pathway but does induce delayed low-level activation of the phosphatidylinositol 3-kinase pathway and biological
effects such as enhanced cell viability and protection from apoptosis. These findings suggest that IGF-I can function
directly through the IR and that the observed effects of IGF-I on insulin sensitivity may be the result of direct

facilitation of insulin action by IGF-I costimulation of the IR in insulin target tissues.

The insulin-like growth factors (insulin-like growth factor I
[IGF-I] and IGF-II) are members of a complex signaling net-
work that regulates growth, development, and differentiation
at the tissue level and proliferation and survival at the cellular
level (13, 38, 39). In addition to the ligands, the IGF signaling
system also includes the IGF-I receptor (IGF-IR), the IGF-II/
cation-independent mannose-6-phosphate receptor (IGF-
IIR), and the insulin receptor (IR). The IGF-IIR specifically
binds IGF-II but is devoid of signal transduction capability,
and its primary function with respect to IGF action is as a
clearance receptor that can modulate the bioavailability of
extracellular IGF-II (20, 45). The IGF-IR, on the other hand,
is generally considered to mediate the majority of the biolog-
ical effects of both IGF-I and IGF-II (25). The IGF-IR is a
transmembrane heterotetrameric (a,-B,) tyrosine kinase that
is comprised of two extracellular, ligand-binding « subunits
that are linked by disulfide bonds to each other and to the
transmembrane (3 subunits that contain intrinsic tyrosine ki-
nase activity. The IR, which is primarily activated by insulin, is
structurally related to the IGF-IR (10). Both the IGF-IR and
the IR undergo autophosphorylation after ligand activation;
tyrosine-phosphorylated residues in the juxtamembrane do-
main of the B subunits then recruit insulin receptor substrate 1
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(IRS-1) and IRS-2, which serve as scaffolding/adaptor proteins
that couple the activated IGF-IR or IR to upstream compo-
nents of the phosphatidylinositol 3-kinase (PI3K) and extra-
cellular signal-regulated kinase (Erk) signal transduction cas-
cades (23, 52). A final component of the IGF signaling system
is a family of six high-affinity IGF-binding proteins (IGFBPs)
that occur in cell surface-associated forms and in the circula-
tion and in extracellular fluids. The IGFBPs can modulate IGF
actions both positively and negatively through effects on IGF
half-life and receptor interaction (2, 14, 17).

While, under normal conditions, the IGFs function primarily
through the IGF-IR, and insulin functions exclusively through
the IR (26), there is ample experimental evidence for cross talk
between the IGF and insulin ligands and their respective re-
ceptors. At high, nonphysiological concentrations, IGFs exhibit
activation of the IR and insulin can activate the IGF-IR. These
effects are typically seen at high nanomolar concentrations and
are not felt to reflect a general biological phenomenon. In the
case of insulin activation of the IGF-IR, the concentrations
required are orders of magnitude greater than the maximal
levels seen in vivo, even in cases of extreme hyperinsulinemia
(1, 43).

In contrast to the largely artificial nature of insulin activation
of the IGF-IR, there are two distinct molecular mechanisms
that allow IGF cross talk with the IR. The first of these is the
existence of hybrid receptors consisting of covalently linked
IGF-IR and IR «-B hemireceptors that are thought to repre-
sent a fraction of the levels of IGF-IR and IR holoreceptors in
cells expressing significant levels of both (15, 29). A number of
studies have shown that these hybrid receptors retain the abil-
ity to bind IGF-I and IGF-II but do not appreciably bind
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FIG. 1. Activation of IR-A and IR-B by insulin, IGF-II, and IGF-I. R~ IR-A and IR-B cells were serum starved overnight and treated with 10
nM ligand for 5 min. (A and B) Lysates were blotted for IR pY?®® (A) or IR pY''3¥1162/1163 (B) "and phospho-IR levels were normalized for IR
B-subunit levels in either R™ IR-A or R™ IR-B cells by stripping and reprobing with an IR B-subunit antibody. (C and D) IR immunoprecipitates
were blotted with anti-phosphotyrosine (PY20) antibody. Total IR phosphorylation was also normalized for IR B-subunit levels by stripping and
reprobing with an IR B-subunit antibody. Panel D shows a representative blot of the experiment shown in panel C and also illustrates that the R™
IR-B cells express ~50% of the level of IR in the R™ IR-A cells. The data in panel C are represented as percentages of the maximal (max) level
of phosphorylation seen with insulin, since the lack of background signal in the basal PY20 immunoprecipitation samples precluded calculation
of the increase over basal values. Error bars represent SEM of three independent experiments. Statistical significance shown is in relation to basal
levels of phosphorylation or, where indicated, between the bracketed samples. P values are represented as follows: *, P < 0.05; #*, P < 0.01; *%=*,

P < 0.001. IP, immunoprecipitation; WIB, Western immunoblotting.

insulin (26, 47). This differential binding may reflect the ability
of a single IGF-IR a-subunit ligand-binding domain to associ-
ate with an IGF molecule and the current model of the insu-
lin-IR interaction, which posits that a single insulin molecule
bridges two distinct binding sites on two apposed « subunits in
the high-affinity conformation (9). In other words, hybrid re-
ceptors have the minimal IGF-IR « subunit sufficient for IGF
binding, but not the two IR « subunits necessary to constitute
the insulin-binding site. Thus, hybrid receptors allow IGF li-
gands to activate IGF-IR and IR B subunits simultaneously.
The biological effects of the trans-activated IR 8 subunit versus
an activated IR holoreceptor are potentially distinct (30). The
overall contribution of hybrid receptors to IGF/insulin action is
unclear; however, the relative proportion of hybrid receptors is
significant in certain tissues and is also high in breast cancer
cells (3, 31).

A second pathway for IGF activation of the IR is the result
of alternative splicing of exon 11 of the IR transcript, which
encodes a 12-amino-acid sequence at the carboxyl terminus of
the « subunit (28). The IR mRNA that lacks the exon 11
sequence encodes the IR-A protein isoform, which exhibits the
expected high affinity for insulin, an intermediate affinity for
IGF-II, and a low affinity for IGF-I (11, 18). The IR mRNA
that contains the exon 11 sequence encodes the IR-B isoform,
which displays the classical behavior of the IR, i.e., high-affinity
binding to insulin alone. The IR-A version tends to be ex-
pressed in fetal and tumor tissues and exhibits more prolifer-

ative than metabolic downstream effects. The IR-B variant, on
the other hand, is highly expressed in differentiated tissues,
including insulin target tissues, and is more coupled to insulin-
stimulated metabolic effects.

In this work, we describe a third, novel pathway for IGF
action through the IR. Specifically, we demonstrate that IGF-I,
at physiological levels, acts through both versions of the IR to
preferentially activate IRS-2 and downstream biological ac-
tions. These effects are not associated with significant activa-
tion of the IR itself or of IRS-1 or the Erk pathway. The
existence of these effects in IGF-IR-deficient cells and with
IGF analogs that do not interact with IGFBPs strongly sup-
ports the concept of direct IGF-I activation of the IR that does
not require robust IR autophosphorylation but that results in
specific coupling to IRS-2 and downstream signaling pathways,
potentially including the PI3K/Akt cascade. These actions may
have particular relevance to the reported effects of IGF-I on
insulin sensitivity in vivo, as well as the action of the IR in the
central nervous system (CNS).

MATERIALS AND METHODS

Cell lines and culture. IGF-IR-deficient (R™) mouse embryo fibroblast lines
engineered to express similar levels of human IR-A (R™ IR-A) and IR-B (R~
IR-B) and vector-transfected controls have been previously described (11, 12).
Cells were serum starved overnight and treated with 10 nM IGF-I, IGF-II, Long
R3 IGF-I, or insulin for the indicated periods of time before cell lysates were
prepared for direct sodium dodecyl sulfate-polyacrylamide gel electrophoresis
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FIG. 2. Time course of IRS-1 and IRS-2 activation by insulin, IGF-II, and IGF-I. Cells were treated as described in the legend to Fig. 1, and
the lysates were immunoprecipitated (IP) with anti-IRS-1 and IRS-2 antibodies, followed by Western immunoblotting with anti-IRS and PY20
antibodies. (A) IRS-1 activation in R~ IR-A cells; (B) IRS-1 activation in R~ IR-B cells; (C) IRS-2 activation in R™ IR-A cells; (D) IRS-2
activation in R™ IR-B cells. Representative blots are shown beneath each graph. In each case, the PY20 signal was normalized for IRS-1 or IRS-2
levels as determined by blotting with the respective antibody separately for each sample. Error bars represent SEM of three independent
experiments. The bottom portion of the gel image in each case corresponds to a single representative IRS-1 or IRS-2 control blot. max, maximum;

pIRS-1, phosphorylated IRS-1; pIRS-2, phosphorylated IRS-2.

analyses (for IR Y20 and Y !!158/1162/1163 phogphorylation, Akt, and phospho-Akt
S#73) or immunoprecipitation (for IR, IRS-1, and IRS-2 activation). NIH 3T3
cells overexpressing human IR-A have been previously described (16) and were
treated and analyzed similarly to the R™, R™ IR-A, and R™ IR-B cells.

Antibodies and other reagents. Antibodies against the following proteins were
obtained from the indicated sources: IRS-1, IRS-2, IR, and phosphotyrosine
(PY20) from Santa Cruz Biotechnology (Santa Cruz, CA); phospho-IR (Y°%),
phospho-IR (Y!!58/1162/1163) “and phospho-Akt S*7* from Biosource Interna-
tional (Hopkinton, MA); and Akt from Cell Signaling Technology, Inc.
(Danvers, MA). IGF-I, IGF-II, and Long R3 IGF-I were obtained from GroPep
Pty., Ltd. (Adelaide, Australia). Human insulin was from Sigma-Aldrich (St.
Louis, MO).

Immunoprecipitation and Western immunoblotting. Lysate preparation, im-
munoprecipitation, Western immunoblotting, enhanced chemiluminescence de-
tection, and scanning densitometry were performed as described previously (12).

siRNA transfection. ON-TARGETplus Smartpool small interfering RNA
(siRNA) (containing a mixture of four siRNAs) for human IRS-2, ON-TARGET-

plus siCONTROL nontargeting pool (negative control), and DharmaFECT 3 trans-
fection reagent were purchased from Dharmacon, Inc. (Lafayette, CO).

Apoptosis and proliferation assays. The ability of IGF-I, IGF-II, and insulin to
protect against butyrate-induced apoptosis was assessed as previously described (12).
For determination of overall growth/survival, cells were plated in triplicate in 96-well
plates (0.5 X 10° cells/well), transfected with both negative-control and IRS-2
siRNAs for 36 h according to the manufacturer’s recommendations, incubated in
serum-free Dulbecco modified Eagle medium for 16 h, and treated with 10 nM
insulin, IGF-II, IGF-I, or an equivalent volume of vehicle (10 mM HCI). At the
indicated time points, cell monolayers were incubated for 30 min at 37°C with 10
pliwell of WST-1 reagent (Roche Applied Science; Indianapolis, IN). Absorbance
readings were obtained at 450 and 600 nm on a microplate reader.

Statistical analysis. INSTAT from Graphpad Software, Inc. (San Diego, CA)
was used to carry out all statistical analysis. Unless otherwise indicated, one-way
analysis of variance with Tukey’s posttest was performed. All data points are
means and standard errors of the means (SEM) from at least three separate
experiments and representative blots shown as needed.
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FIG. 3. Graphical summary of the 5-min activation of IRS-1 and IRS-2 from Fig. 2. (A) IRS-1 activation in R™ IR-A cells; (B) IRS-1 activation
in R IR-B cells; (C) IRS-2 activation in R™ IR-A cells; (D) IRS-2 activation in R™ IR-B cells. Error bars represent SEM of three independent
experiments. Statistical significance shown is in relation to basal levels of phosphorylation or, where indicated, between the bracketed samples. P
values are represented as follows: **, P < 0.01; #*%, P < 0.001. NS, not significant; max, maximum.

RESULTS

Relative activation of IR-A and -B by IGFs and insulin. As
a foundation for the studies that follow, Fig. 1 illustrates the
relative activation of IR-A and IR-B by insulin, IGF-I, and
IGF-II. At equivalent 10 nM concentrations, insulin induced
strong activation of both isoforms, although the increase in IR
tyrosine phosphorylation was greater with IR-B, consistent
with the intrinsically greater in vitro kinase activity of this
receptor isoform reported previously (24). These data demon-
strate the greater activation of IR-B versus IR-A in a cellular
context. This difference was seen with phosphorylation of the
triple tyrosine cluster in the catalytic domain (Fig. 1A), Y%
(Fig. 1B), and total tyrosine phosphorylation (Fig. 1C and D).
In contrast, IGF-I activation of both isoforms was negligible or
absent in each case. IR activation by IGF-II was greater than
with IGF-I for IR-A and IR-B. While the relative level of
activation of IR-A by IGF-II versus insulin was higher than
that for IR-B, as expected based upon previous studies dem-
onstrating the higher affinity of this isoform for IGF-II (11, 18),
it is important to note that the absolute level of activation, as
measured by the relative increase over the basal level (Fig. 1A,
B and C) by IGF-II was significantly higher for IR-B than for
IR-A.

Time course of IRS-1 and IRS-2 activation. In order to
examine downstream IR signaling, we next determined the
relative activation of IRS-1 and IRS-2. Figure 2A depicts the
time course of IRS-1 activation by insulin, IGF-1, and IGF-II.
For IR-A, insulin induced a rapid and sustained activation of
IRS-1, while activation by IGF-II followed a similar, but lower,

pattern of activation. As expected, activation by IGF-I was
minimal. As shown in Fig. 2B, IRS-1 activation through IR-B
exhibited a distinct transient pattern, but with a rank order of
potency similar to that seen with IR-A. The relative activation
of IRS-1 by IGF-II versus insulin through IR-B was greater
than their relative activation through IR-A. Thus, while IGF-II
activated IR-A to a greater extent than IR-B as a proportion of
the activation elicited by insulin itself (Fig. 1), the relative
activation of IRS-1 by IGF-II versus insulin was greater
through IR-B. Therefore, IGF-II-stimulated IR and IRS-1
phosphorylation per se was greater through IR-B than IR-A, in
spite of the higher affinity of IGF-II for IR-A.

Surprisingly, the activation of IRS-2, as shown in Fig. 2C
and D, was rapid, transient, and similar for each ligand.
Specifically, the activation of IRS-2 by IGF-II and, in par-
ticular, IGF-I, was greater than predicted based upon their
relative affinities for the IR and their stimulation of IR
tyrosine phosphorylation. Thus, IGF-I stimulated robust
IRS-2 activation, in spite of its negligible activation of IR-A
or IR-B. A second interesting aspect of these findings was
the specific activation of IRS-2 by IGF-I in contrast to
activation of both IRS-1 and IRS-2 by IGF-II and insulin.
Figure 3 summarizes these findings by compiling the maxi-
mal 5-min activation data for IRS-1 and IRS-2 activation in
R~ IR-A (Fig. 3A and C) and R~ IR-B (Fig. 3B and D)
cells. This figure shows that the activation of IRS-1 by all
ligands through both IR-A and IR-B was essentially propor-
tional to IR activation itself, while IRS-2 activation was not.
Specifically, insulin activated both IRS-1 and IRS-2, IGF-II
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activated IRS-1 less than insulin but activated IRS-2 as well
as insulin, whereas IGF-I activated only IRS-2, but as well as
it activated insulin and IGF-II. These data also show that
there were no significant differences in the abilities of insu-
lin, IGF-II, and IGF-I to activate IRS-2. Figure 4 shows that
this same pattern was seen in NIH 3T3 cells overexpressing
IR-A. Thus, this activation pattern was not a unique feature
of the R™ cell system.

IRS-2 activation by IGF-I is IGFBP independent. The un-
expected ability of IGF-I to specifically activate IRS-2 could
conceivably have been due to effects through one or more
IGFBPs. Although such a relatively indirect effect is not clearly
consistent with the rapid time course of IRS-2 activation, we
addressed this question directly by evaluating the ability of an
IGF-I analog, Long R3 IGF-I, which does not exhibit high
affinity for IGFBPs, to activate IRS-2. As shown in Fig. 5, Long
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R3 IGF-I was as active as IGF-I (and insulin and IGF-II) in
activating IRS-2 in both R~ IR-A cells (Fig. 5A) and NIH
3T3/IR-A cells (Fig. 5B), suggesting that the observed activa-
tion was not mediated through an IGFBP-dependent mecha-
nism. Similar results were obtained with R~ IR-B cells (data
not shown).

Effect of IR transfection on IRS-2 activation. To ensure that
the distinct effects of IGF-I on IRS activation could be ascribed
to IR-A and IR-B activation, rather than to some undefined
IR-independent mechanism, IRS-2 activation by IGF-I and
Long R3 IGF-I was compared in R™ IR-A and IR-B cells and
parental, control R™ cells that express only low levels of en-
dogenous mouse IR (Fig. 6). It is clear that, while some IRS-2
activation was seen in R~ cells (presumably through the en-
dogenous mouse IR), IRS-2 activation was significantly in-
creased in cells expressing human IR-A or IR-B. In other
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FIG. 5. Effect of Long R3 IGF-I on IRS-2 activation in (A) R™ IR-A cells and (B) NIH 3T3/IR-A cells. Cells were treated and analyzed as
described in the legend to Fig. 2. Error bars represent SEM of three independent experiments. Statistical significance shown is in relation to basal
levels of phosphorylation or, where indicated, between the bracketed samples. P values are represented as follows: **, P < 0.01; »%*, P < 0.001.
NS, not significant; max, maximum; IP, immunoprecipitation; WB, Western blotting.
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experiments, IRS-2 activation by insulin and IGF-II was also
minimal in R™ cells compared to R™ IR-A and IR-B cells (data
not shown).

Activation of downstream signaling pathways. We have pre-
viously shown that IGF-I did not activate the PI3K or Erk
pathway in either R~ IR-A or R~ IR-B cells at 5 min (12). To
ascertain whether IGF-I activated the canonical PI3K or Erk
pathways at other time points, the time course experiment
shown in Fig. 7 was performed. As shown, IGF-I can activate
the PI3K/Akt pathway, albeit to a lesser degree than insulin,
and with a significant increase in Akt phosphorylation only
evident at 60 min. Of note, the pattern of Akt activation by
insulin was biphasic, with a rapid peak at 1 min, followed by a
decline at 5 min, and a subsequent gradual increase up to 60
min. IGF-I did not induce Erk phosphorylation over a 60-min
time course (data not shown).

IGF effects on survival and viability. While the experiments
described above establish the ability of IGF-I to directly acti-
vate IRS-2 through IR-A and IR-B and, to some extent, the
PI3K/Akt signal transduction cascade, an important question is
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whether this IGF-I/IR/IRS-2 pathway produces a biological
effect. Toward this end, we evaluated the effects of IGF-I,
IGF-II, and insulin on survival and viability of R~ IR-A and
R™ IR-B cells. As shown in Fig. 8, IGF-I protected cells from
butyrate-induced apoptosis in R~ IR-B cells (Fig. 8B), and, to
a lesser extent, in R~ IR-A cells (Fig. 8A), and the former
effect was equivalent to that seen with IGF-II. In these assays,
insulin and IGF-II were equipotent through IR-A, whereas
IGF-II and IGF-I were equipotent through IR-B. The effect of
IGF-I on cell growth/viability through IR-B was also seen with
a WST assay (Fig. 9B and C). In these experiments, all three
ligands stimulated significant growth/survival over a 72-h time
course, with the final levels of stimulation being similar (Fig.
9B). It is particularly noteworthy that these effects were seen in
cells expressing the IR-B isoform that has been considered to
be specific for insulin action. Similar data were obtained with
a  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay (data not shown).

Role of IRS-2 in IGF-I-mediated effects through the IR. In
order to ascertain the requirement for IRS-2 activation in the
biological effects elicited by IGF-I, we employed an siRNA-
mediated knockdown strategy. As shown in Fig. 9A, treatment
of R™ IR-B cells with an IRS-2 siRNA pool, but not a nega-
tive-control siRNA, eliminated IRS-2 expression but had no
effect on IRS-1 expression. IRS-2 knockdown effectively inhib-
ited IGF-I-stimulated growth/survival in the WTS assay (Fig.
9C) but had no effect on insulin or IGF-II-mediated growth/
survival (compare Fig. 9B and C).

DISCUSSION

The data presented in this paper show that IGF-I can func-
tion through both splice variants of the IR to specifically acti-
vate IRS-2, resulting in biological effects on cellular survival
and migration. The inhibition of IGF-I-stimulated cell growth/
survival by siRNA-mediated IRS-2 knockdown supports the
conclusion that IRS-2 activation is necessary for these biolog-
ical effects of IGF-I through the IR. These results are in line
with previous reports showing that IRS-2 activation is impor-
tant for cell migration (8, 22) and cell survival (27, 50, 51). The
level of activation of IRS-2 by IGF-I was similar to that elicited
by insulin and IGF-II, in spite of the significantly lower affinity
of IGF-I for the IR and the lack of significant IGF-I-stimulated
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FIG. 7. Time course of Akt activation by insulin and IGF-I in R™ IR-B cells. Cells were treated with 10 nM ligand over 60 min. (A) Graphical
representation of three experiments. Results are expressed as a percentage of the maximal (max) Akt phosphorylation seen with insulin. Error bars
represent SEM of three independent experiments. Statistical significance shown is in relation to basal levels of Akt phosphorylation. P values are
represented as follows: *, P < 0.05; **, P < 0.01; ***, P < 0.001. (B) Representative Western immunoblot. pAKT, phosphorylated Akt.
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serum-free and 5 mM butyrate controls. Results are expressed as a percentage of the maximal survival response stimulated by 200 nM insulin. Error
bars represent SEM of three independent experiments. Statistical significance shown is in relation to butyrate-treated control. P values are

represented as follows: *, P < 0.05; #*%, P < 0.001.
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FIG. 9. Proliferation/viability of R~ IR-B cells after IRS-2 knock-
down with siRNA transfection. (A) Western immunoblot of IRS-2 and
IRS-1 after 48-h transfection of negative-control and IRS-2 siRNAs.
(B) WST assay with negative-control siRNA Smartpool. (C) WST
assay with IRS-2 siRNA Smartpool. Error bars represent SEM of three
independent experiments. Statistical significance shown is in relation
to vehicle control at each time point. P values are represented as
follows: *%, P < 0.01; %%, P < 0.001.

autophosphorylation of either IR isoform. Similarly, the rela-
tive activation of both IRS-1 and IRS-2 by IGF-II versus insu-
lin through IR-B was greater than would have been predicted
based upon their relative affinities for, and activation of, the
IR. These findings are reminiscent of earlier studies that de-
scribed IR action in the absence of detectable IR phosphory-
lation (35, 40, 42). While these reports were subsequently
explained as reflecting insufficient detection of receptor phos-
phorylation and as being inconsistent with the inactivity of
kinase-deficient mutants, the current data suggest that some of
these previous findings may have been prematurely dis-
counted. Of potential relevance to the data reported here, we
have previously reported IGF-I action through a Y''”> IGF-IR
mutant lacking detectable IGF-I-induced autophosphorylation
(4, 48), and Yau et al. (53) have described IGF-I activation of
the Erk pathway in H4IIE hepatoma cells in the absence of
IGF-IR or IRS-1 activation.

A second interesting aspect of the IGF-I activation of IRS-2
reported in this work was the differential activation of IRS-2
versus IRS-1. While insulin and IGF-II activated both IRS-1
and IRS-2, IGF-I activation was specific for IRS-2. In fact, an
examination of the data of Fig. 2 and 3 shows that insulin
maximally activated IRS-1 and IRS-2, IGF-II partially acti-
vated IRS-1 and robustly activated IRS-2 (to levels similar to
insulin), while IGF-I activated IRS-2, but not IRS-1. Thus,
insulin and the IGFs exerted a spectrum of effects on IRS-1
and -2 that did not reflect their relative activation of either
IR-A or IR-B. One clue to the differential activation of IRS-1
versus IRS-2 by IGF-I is that the interaction of IRS-2 with the
IR is thought to differ from the interaction of IRS-1 with the
IR. While both IRS-1 and IRS-2 bind to the IR via an inter-
action between their N-terminal PTB domains and phosphor-
ylated Y?°° in an NPXY motif in the juxtamembrane region of
the IR (49), IRS-2 contains a unique IR-binding domain within
residues 591 to 786 (21, 41). Mutation of Y?°° to alanine in the
IR did not affect ligand-mediated phosphorylation of IRS-2
but severely decreased IRS-1 phosphorylation (6). These data
suggest that IRS-1 and IRS-2 phosphorylation can be regu-
lated via distinct mechanisms, independent of IR phosphory-
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lation, that may be selectively induced by IGF ligand binding to
the IR as reported here. Although the divergent activation of
IRS proteins has not been previously described for IGFs, an
insulin analog has been described that, like IGF-I, specifically
activates IRS-2 (36). It may be instructive to compare in more
detail the structural similarities between that analog and IGF-I
to identify possible residues that may contribute to IRS-spe-
cific activation through the IR.

A third novel aspect of IR-mediated IRS-2 activation by
IGF-I is the existence of resulting biological effects (i.e., pro-
tection from butyrate-induced apoptosis and cell viability) ob-
served in the absence of stimulation of the Erk pathway that is
usually implicated in IGF action. The small and delayed acti-
vation of the PI3K pathway seen with IGF-I may underlie these
effects. Alternatively, it is conceivable that IRS-2 activation
downstream of the IGF-I-activated IR engages other signaling
cascades, such as phosphatidylinositol-dependent kinase 1 tar-
gets other than Akt/protein kinase B, various protein kinase C
isoforms (32), or signaling pathways not previously linked to
IGF or insulin action.

Another intriguing observation made in the course of these
studies was the difference in the time course and ligand sensi-
tivity of IRS-1 activation in IR-A- and IR-B-expressing cells
(Fig. 2). Specifically, IRS-1 activation through IR-A (greatest
with insulin) was rapid and sustained over the 1-h period ex-
amined, while IRS-1 activation through IR-B was transient.
Additionally, IRS-1 activation through IR-A by IGF-II was less
than the relative activation of IR itself by IGF-II, whereas
IRS-1 activation in IR-B-expressing cells by IGF-1I was greater
than would have been predicted based upon the relative acti-
vation of IR-B by IGF-II versus insulin. Thus, the differential
splicing of exon 11 modulates both the time course of IRS-1
activation and the relationship between IGF-II activation of
IRS-1 versus the IR.

It is tempting to speculate on the potential ramifications of
these findings for IGF and insulin action in vivo. While essen-
tially all studies of insulin action at the molecular level have
involved treatment of serum-starved cells with insulin alone, it
is important to recall that insulin-sensitive target tissues, such
as the pancreas, liver, muscle, and fat, are exposed to elevated
insulin levels postprandially in a setting of continuous exposure
to circulating and locally produced IGF-I and IGF-II. Thus,
treatment of cells with insulin alone constitutes an artificial
situation. We propose that IGF-1, in particular, may function
in vivo as a tonic facilitator of insulin action by virtue of its
ability to generate a basal level of activated IRS-2 and, poten-
tially, enhanced downstream signaling. Such an effect may ex-
plain the ability of IGF-I to mimic insulin action and to in-
crease insulin sensitivity in numerous experimental and clinical
studies. Specifically, IGF-I can induce hypoglycemia in animal
models and human subjects and can also reduce insulin re-
quirements of type 1 diabetic patients (37, 46). It will, there-
fore, be of interest to assess the molecular effects of simulta-
neous treatment with IGF-I and/or IGF-II and insulin on
insulin-mediated signal transduction and biological activity, as
well as the necessity of IGF-IR action in IGF-mediated effects
on insulin-like action in cells expressing both IR and IGF-IR.

It is also reasonable to consider the implications of the data
reported here for the proposed role of IR action in the CNS (7,
19, 33, 34). IR expression is widespread in the CNS, and in-
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tracerebroventricular administration of insulin elicits impor-
tant biological effects. The evidence for physiological levels of
CNS insulin, with the possible exception of the hypothalamus,
remains less than compelling, however. We propose that the
natural ligand for the majority of the IR present in the CNS
may be IGF-I (5), either acting alone or by facilitating the
effects of the low levels of insulin derived from the circulation.
The phenotype of neuronal IR knockout mice is consistent
with this hypothesis (44).
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