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Background: Insulin-like growth factor (IGF) II interacts with IR-A and is a more powerful mitogen than insulin.

Results: IGF-II and insulin differ in regulating insulin receptor (IR)-A trafficking and stability.

Conclusion: Compared with insulin, IGF-II induces lower IR-A and downstream effectors activation but protects IR-A and
IRS-1 from down-regulation, thereby evoking a sustained mitogenic stimulus.

Significance: These results further elucidate the mechanisms controlling IR-A biological responses.

The insulin receptor isoform A (IR-A) binds both insulin and
insulin-like growth factor (IGF)-II, although the affinity for
IGEF-II is 3-10-fold lower than insulin depending on a cell and
tissue context. Notably, in mouse embryonic fibroblasts lacking
the IGF-IR and expressing solely the IR-A (R—/IR-A), IGF-Il is a
more potent mitogen than insulin. As receptor endocytosis and
degradation provide spatial and temporal regulation of signal-
ing events, we hypothesized that insulin and IGF-II could affect
IR-A biological responses by differentially regulating IR-A traf-
ficking. Using R—/IR-A cells, we discovered that insulin evoked
significant IR-A internalization, a process modestly affected
by IGF-II. However, the differential internalization was not due
to IR-A ubiquitination. Notably, prolonged stimulation of
R—/IR-A cells with insulin, but not with IGF-II, targeted the
receptor to a degradative pathway. Similarly, the docking pro-
tein insulin receptor substrate 1 (IRS-1) was down-regulated
after prolonged insulin but not IGF-II exposure. Similar results
were also obtained in experiments using [NMeTyr®*®]-insulin,
an insulin analog with IR-A binding affinity similar to IGF-II
Finally, we discovered that IR-A was internalized through clath-
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rin-dependent and -independent pathways, which differentially
regulated the activation of downstream effectors. Collectively,
our results suggest that a lower affinity of IGF-II for the IR-A
promotes lower IR-A phosphorylation and activation of early
downstream effectors vis 4 vis insulin but may protect IR-A and
IRS-1 from down-regulation thereby evoking sustained and
robust mitogenic stimuli.

The insulin receptor (IR)*is expressed in two isoforms: the IR
isoform A (IR-A) and isoform B (IR-B). The IR-A is generated
by the skipping of exon 11 of the IR gene, which generates a
protein that differs from IR-B in only a short stretch of 12 amino
acid residues at the carboxyl terminus of the receptor a-subunit
(1-4). The two IR isoforms are usually co-expressed and their
relative abundance is regulated by several factors, including
developmental stage and tissue-specific factors (5, 6). However,
IR-A is predominantly expressed in fetal tissues and cancer
cells, whereas the IR-B is preferentially expressed in differenti-
ated insulin-responsive tissues (7, 8). Although the IR-B binds
insulin with high affinity, the IR-A not only has high affinity for
insulin but it also binds IGF-II, although the affinity is 3—10-
fold lower than that of insulin depending on a cell and tissue
context (7, 9). IGF-II binds instead to IGF type I receptor (IGE-
IR) and to IR-A with similar affinities and shares with the hom-
olog ligand IGF-I mitogenic and anti-apoptotic effects (7, 10).

Several studies have now established that IGF-II is capable to
elicit biological effects via activation of the IR-A. For instance,
in mouse fibroblasts lacking the IGF-IR and expressing solely
the IR-A (R—/IR-A cells), IGF-II is a more potent mitogen than

“The abbreviations used are: IR, insulin receptor; IGF-II, insulin-like growth
factor 2; IGF-IR, IGF receptor |; RTK, receptor-tyrosine kinase; IRS-1, insulin
receptor substrate 1; SFM, serum-free medium; ANOVA, analysis of vari-
ance; S6K, S6 kinase.
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insulin (7, 11). In SKUT-1 human leiomyosarcoma cells, which
lack functional IGF-IR and express predominantly IR-A, IGF-II
is more potent than insulin in inducing cell motility and che-
motaxis (12). Moreover, the global profile of gene expression
elicited by IGF-II and insulin in R—/IR-A is different (13), with
IGEF-II being more potent than insulin in regulating specific
gene clusters (13). Recent proteomic approaches demonstrated
that insulin and IGF-II differ also in their ability to recruit effec-
tor proteins to the IR-A (14). However, the molecular mecha-
nisms that may differentially regulate the intensity of the signal
promoted by IGF-II and insulin through the IR-A have not been
characterized.

Internalization of ligand-activated receptor-tyrosine-kinases
(RTKs) occurs through specialized microdomains on the cell
surface known as clathrin-coated pits or caveolae. Recent stud-
ies suggest an important connection between receptor ubiquiti-
nation, endocytosis, and ligand-mediated receptor signaling
(15, 16). As shown for the EGFR, the disruption of RTK inter-
nalization and degradation results in their inability to attenuate
signaling, leading to constitutive activation, prolonged signal-
ing, and transformation (16).

We have previously demonstrated that the Grb10/Nedd4
complex promotes IGF-IR ubiquitination, which enhances
ligand-dependent internalization and targets the receptor for
degradation (17, 18) thereby regulating IGF-IR-dependent cell
proliferation (19).

Because endocytosis provides spatial and temporal regula-
tion of signaling events, we tested whether insulin and IGF-II
could affect biological responses by differentially regulating
IR-A trafficking. Taking advantage of the unique model of
R—/IR-A cells, which lack the IGF-IR (20) and express solely
the IR-A (21), here we show that insulin and IGF-II consider-
ably differ in their ability to regulate IR-A and the downstream
effectors trafficking and stability. These results suggest that the
lower affinity of IGF-II for the IR-A promotes lower IR-A phos-
phorylation and reduced activation of early downstream effec-
tors compared with insulin but protects IR-A and IRS-1 from
negative feedback mechanisms, thereby evoking a sustained
and powerful mitogenic stimulus.

EXPERIMENTAL PROCEDURES

Cell Lines—R—/IR-A cells are mouse embryo fibroblasts
derived from IGF-IR knock-out mice (20) and expressing solely
the human IR-A isoform (21). Cells are maintained in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS) and 2 pg/ml of puromycin. These
cells were previously well characterized for their mitogenic
response to insulin and IGF-II (7, 11). MDA-MB-157 breast
cancer cells were from ATTC. R+/IR-A cells (R+ A10) are
mouse embryo fibroblasts derived from R-cells by cotransfect-
ing the pECE expression vector containing the human IGF-IR
¢DNA and the pSV2 plasmid encoding the hygromycin resis-
tance gene. Cells were then cotransfected with the pNTK2
expression vector containing the human IR-A ¢cDNA and the
pPDV6+ plasmid encoding the puromycin resistance gene
(12). NIH3T3/IR-A cells were generated by retroviral infection
of NIH3T3 mouse embryo fibroblasts with the pBABE-Hygro
expression vector expressing the IR-A cDNA.
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Internalization and Ubiquitination Assays—IR-A internal-
ization was assessed after stimulation with 200 ng/ml of either
insulin or IGF-II by enzyme-linked immunosorbent assay
(ELISA), as previously described in detail (17, 18), using a
monoclonal antibody against the IR a-subunit (Novus Biologi-
cals, diluted 1:1000) and goat anti-mouse alkaline phosphatase-
conjugated antibody (diluted 1:1000; Sigma). Antibody binding
was visualized by adding 0.25 ml of alkaline phosphatase sub-
strate (Bio-Rad). The reaction was stopped by transferring 0.1
ml of the substrate to a 96-well microtiter plate containing 0.1
ml of 0.4 M NaOH. Plates were read at 405 nm in a microplate
reader (Dynex Technologies) using Microplate Manager
Software.

For ubiquitination, R—/IR-A cells were plated in triplicate at
a density of 3 X 10° cells/well in 6-well plates and transiently
transfected with 4 ug/well of the 8 HA-tagged ubiquitin con-
struct (17, 18) using Lipofectamine 2000 (Invitrogen). After
24 h cells were shifted to serum-free medium (SFM) for 24 h
and then stimulated for 30 min with 50 ng/ml of either insulin
or IGF-II, supplemented with 20 um of the proteasome inhibi-
tor MG132 (Calbiochem) and 100 um leupeptin/pepstatin as
lysosomal inhibitors (Roche Applied Science) to accumulate
the ubiquitinated species. Cell lysates were pooled and 1 mg
of proteins were immunoprecipitated in HNTG buffer (20
m™m HEPES (pH 7.5), 150 mm NacCl, 0.1% Triton X-100, 10%
glycerol, 0.2 mM sodium orthovanadate, protease inhibitor
mixture supplemented with MG132 and leupeptin/pepstatin
(at the above mentioned concentrations) with anti-IR mono-
clonal antibodies. Filters were immunoblotted with anti-
ubiquitin and anti-HA monoclonal antibodies (Covance) to
detect ubiquitinated proteins. Membranes were then rep-
robed with anti-phosphotyrosine monoclonal antibodies
(BD Transduction Laboratories) to evaluate IR-A activation.
The IR was detected using polyclonal antibodies from Santa
Cruz Biotechnology.

Insulin Analogs and Cell Growth Experiments—The B26
peptide N-methylated (NMe) [NMeTyr®?¢]-insulin analog was
previously described (22). The binding affinity for the IR-A was
performed according to Gauguin at al. (23) using IM-9 lympho-
cytes (ATCC), which are rich in IR-A expression. The IM-9 cell
line was cultured in RPMI 1640 medium containing 10% fetal
bovine serum. For the assay, 2.0 X 10%/ml cells were incubated
with increasing concentrations of insulin/analog and human
[***I)monoiodotyrosyl-Al4-insulin (PerkinElmer Life Sci-
ences, 2200 Ci/mmol, 20,000 cpm, about 0.01 nm) for 2.5 h at
15 °C in HEPES binding buffer (100 mm HEPES, 100 mm NaCl,
5 mm KCl, 1.3 mm MgSO,, 1 mm EDTA, 10 mum glucose, 15 mm
NaOAc, 1% BSA (w/v), pH 7.6) (500 wl). After incubation, 2 X
200 ul were centrifuged at 13,000 X g for 10 min. Radioactive
pellets were counted using a Wizard 1470 Automatic y Counter
(PerkinElmer Life Sciences). Binding data were analyzed by
Excel software using a one-site fitting program developed in the
laboratory of Dr. Pierre De Meyts (A. V. Groth and R. M. Shy-
mko, Hagedorn Research Institute, Denmark, a kind gift of
Pierre De Meyts) and GraphPad Prism 5, and the dissociation
constant was determined. The dissociation constant of human
125I-insulin was set up to 0.3 nM. Receptor binding assays were
performed under conditions excluding the depletion of free
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ligand. The software used for the analysis of binding data devel-
oped in the laboratory of Dr. Pierre De Meyts takes the potential
ligand depletion into account using equations developed by
Swillens (24).

Cell proliferation of R—/IR-A cells in the presence of 1, 5, 10,
and 30 nM insulin, IGF-II, or [NMeTyr®?®]-insulin was deter-
mined as previously described from our laboratories (7, 11, 19).
Cells were counted at 48 h in Boyden chambers and values are
expressed as % increase over SFM.

Analysis of IR, IRS-1, IRS-2, and Shc Levels—Cells were
serum-starved for 24 h, and then stimulated with 50 ng/ml of
either insulin or IGF-II or 5 nm insulin, IGF-II, or [NMeTyr?*¢]-
insulin for 8 and 24 h. Cells were lysed in RIPA buffer and the
level of IR, IRS-1, IRS-2, and Shc was determined by immu-
noblotting with polyclonal antibodies against the 8 subunit
of either the IR or IGF-IR (Santa Cruz Biotechnology),
against IRS-1 or IRS-2 (UBI Millipore) or Shc (Santa Cruz
Biotechnology). Normalization of proteins was done by
probing the same filter with anti-B-actin polyclonal antibod-
ies (Sigma). Inhibitors of the proteasome (MG132) or the
lysosomal pathway (leupeptin/pepstatin) were added at the
time of stimulation with growth factors at the concentra-
tions mentioned above.

Targeting of Clathrin and Caveolin-1 by siRNA—Gene
silencing of mouse clathrin and caveolin-1 was obtained by
RNA interference using small interfering RNA (siRNA).
R—/IR-A cells were transfected with vehicle (diethyl pyrocar-
bonate-treated water), control siRNA (scrambled), or siRNA
directed against clathrin heavy chain or caveolin-1 (200 pmol)
using the TransIT-siTKO reagents (Mirus Corporation).
siRNA oligos specific for mouse clathrin heavy chain, caveo-
lin-1, and controls were siGenome Smart pools, from Thermo
Scientific Dharmacon. Twenty-four h after transfection,
R—/IR-A cells were starved in SEM for 48 h, then stimulated
with either IGF-II or insulin and evaluated for IR internaliza-
tion by ELISA. The expression of clathrin and caveolin-1 pro-
teins was detected by immunoblot using anti-clathrin (BD Bio-
sciences) or anti-caveolin-1 polyclonal antibodies (Santa Cruz
Biotechnology).

Confocal Microscopy—R—/IR-A cells were plated onto cov-
erslips, serum-starved for 24 h, and then stimulated with 200
ng/ml of insulin or IGF-II at various time points at 37 °C. Cov-
erslips were processed for immunofluorescence and confocal
analysis, as previously described (18, 25). Antibodies used were:
anti-IR polyclonal antibodies (Santa Cruz Biotechnology), anti-
EEA1 monoclonal antibodies, and anti-LAMP1 monoclonal
antibodies (BD Pharmingen). Secondary antibodies were Alexa
Fluor 488 (green) and Alexa Fluor 594 (red) (Molecular Probes).
Coverslips were analyzed and photographed on a Leica TCS-
SP2 confocal microscope (Leica Microsystems, Wetzlar, Ger-
many) with a X63 Apo PLA oil immersion objective (NA 1.4)
and 60-um aperture using the LEICA Scan TCS-SP2 software
(Leica Microsystems).

Endocytosis Inhibitors—The broad-range endocytosis inhib-
itor methyl-B-cyclodextrin was used at 10 mm. The clathrin-de-
pendent pathway inhibitor chlorpromazine was used at 15 um,
whereas the clathrin-independent endocytosis inhibitor filipin
was used at 1 ug/ml. Serum-starved cells were preincubated for

11424 JOURNAL OF BIOLOGICAL CHEMISTRY

60 min with methyl-B-cyclodextrin or filipin, for 20 min with
chlorpromazine, and then tested for IR-A internalization and
signaling.

Detection of Activated Signaling Pathways—Serum-starved
R—/IR-A cells were stimulated with insulin, IGF-II, or
[NMeTyr®?¢]-insulin (50 ng/ml) at various time points in the
absence or presence of endocytosis inhibitors. The activation of
Akt, ERK1/2, and S6 ribosomal protein was analyzed by West-
ern immunoblot using the PathScan Multiplex Western Mix-
ture I (Cell Signaling Technology), which provides a mixture of
phospho-specific antibodies for different activated proteins
and for EIF4E protein to monitor the loading of the samples (26,
27). The kit also includes phosphoantibodies to p90 RSK, which
was undetectable in our experiments. Phosphorylation of the
IR-A was detected using anti-phospho-IGF-IRB (Tyr*'°/
Tyr'3€)/IRB (Tyr''*°/Tyr''*") antibodies (Cell Signaling Tech-
nology), whereas IRS-1 phosphorylation was assessed using
either anti-phospho-IRS-1 (Tyr®'?) or phospho-IRS-1 (Ser*®”)
from Upstate Biotechnology.

Densitometric and Statistical Analysis—Densitometric anal-
ysis was performed using a Molecular Dynamics densitometer.
Data were analyzed using the ImageQuant program at the Kim-
mel Cancer Center Nucleic Acid Facility. Values are expressed
as arbitrary units. For statistical analysis, all experiments were
carried out in triplicate and repeated at least three times.
Results are expressed as mean * S.D. All statistical analyses
were carried out with SigmaStat for Windows version 3.10 (Sys-
tat Software, Inc., Port Richmond, CA). Results were compared
using the two-sided Student’s ¢ test or two-way ANOVA with
Bonferroni’s multiple comparison test. Differences were con-
sidered statistically significant at p < 0.05.

RESULTS

IGF-II and Insulin Differ in Their Ability to Regulate Cell
Surface Levels of IR-A—W e initially assessed ligand-induced
IR-A internalization from the cell surface by ELISA, as
described in previous work from our laboratories (17, 18). Insu-
lin stimulation of R—/IR-A cells induced a clear reduction in
the level of cell surface IR-A proteins with a maximum effect
after 60 min. In contrast, IGF-II promoted only a modest but
statistically significant internalization of the IR-A (Fig. 14). To
account for the differences in molecular weight between insulin
and IGF-II we repeated internalization assays using equimolar
concentrations (30 nm) of the two ligands. We found a similar
rate of receptor internalization (supplemental Fig. S1), thus
corroborating the data presented above.

We have recently shown that ubiquitination of the IGF-IR
regulates ligand-dependent receptor internalization (17, 18).
Thus, we performed ubiquitination assays in R—/IR-A cells (17,
18) to test whether the different rates of IR-A internalization
induced by IGE-II and insulin was due to a different ability of
the two ligands to promote IR-A ubiquitination. After tran-
siently transfecting a HA-ubiquitin construct into R—/IR-A
cells, we immunoprecipitated the IR-A and assessed receptor
ubiquitination by immunoblot with either an anti-ubiquitin or
an anti-HA antibody. Some IR-A ubiquitination was detectable
in unstimulated cells but was enhanced after ligand stimulation
(Fig. 1B). Significantly, IGF-II stimulation of R—/IR-A cells
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FIGURE 1. Insulin and IGF-II differentially affect IR-A internalization
despite promoting similar levels of IR-A ubiquitination. A, the level of IR-A
internalization in R—/IR-A cells was determined by ELISA at different time
points after insulin (INS) and IGF-Il stimulation, as described under “Experi-
mental Procedures.” Ligands were used at 200 ng/ml to ensure saturating
concentrations. Data are the average = S.D. of three independent experi-
ments. Statistical significance was determined using Student’s t test for
repeated measures, ¥, p < 0.05; ***, p < 0.01 (INS or IGF-Il versus SFM) and
using two-way ANOVA with Bonferroni’s multiple comparison test, p < 0.01
(INS versus IGF-II). B, ligand-dependent ubiquitination of the IR-A in R—/IRA
cells was assessed as described under “Experimental Procedures” and in pre-
vious work from our laboratories (17, 18). The experiment shown is represen-
tative of three independent experiments.

induced ubiquitination of the IR-A (17, 18) that was even
slightly greater than the ubiquitination induced by insulin,
as assessed by both anti-ubiquitin antibodies (which detect
endogenous and exogenously transfected ubiquitin) and
anti-HA antibodies (which detect exogenously transfected
ubiquitin). This difference was not due to either a difference in
receptor activation, which, as we have previously reported (7,
11) was phosphorylated at higher levels by insulin (Fig. 1B,
P-IR), or to differences in transfection efficiency of the HA-
ubiquitin plasmid, which was comparable in all conditions (Fig.
1B, Blot: HA).
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These results demonstrate that IGF-II and insulin clearly dif-
fer in their ability to induce IR-A internalization despite induc-
ing similar levels of receptor ubiquitination. Thus, additional
mechanisms (including IR-A phosphorylation) are likely more
critical in the regulation of IR-A trafficking.

Affinity of Ligand for IR-A Is Important in Regulating IR-A
Phosphorylation, Signaling, Proliferation, and Internalization—
Next, we tested in R—/IR-A cells several biological read-outs
comparing insulin, IGF-II, and the insulin analog [NMe-
Tyr®?¢]-insulin, which has been previously described (22). This
analog has an IR binding affinity 4-fold lower than insulin and
comparable with the affinity of IGF-II (22). Because the affinity
of [NMeTyr"?¢]-insulin for the IR was previously determined in
rat adipocytes, which prevalently express the IR-B (22, 28), we
first assessed the binding affinity of this insulin analog to the
IR-A by performing binding assays in IM-9 cells, which have
high IR-A expression (23).

The affinity of [NMeTyr?*®]-insulin for the IR-A was about
16% (supplemental Fig. S2A4), which is slightly lower than the
21% we previously determined in rat adipocytes (22). The affin-
ity of IGF-II was instead about 7% of human insulin (supple-
mental Fig. S24), which is less that 20% expected but in perfect
agreement with binding studies recently performed by Gauguin
et al. (23) in the same IM-9 lymphocytes. These experiments
therefore clearly confirm that IGF-II and the insulin analog
[NMeTyr®2¢]-insulin have similar affinity for the IR-A.

We then tested IR-A phosphorylation in R—/IR-A cells after
insulin, IGF-II, and [NMeTyrB26]-insulin stimulation. Insulin
at 30 nM (~200 ng/ml) induced strong IR-A phosphorylation,
which was instead reduced after IGF-II stimulation (supple-
mental Fig. S2B). Importantly, the [NMeTyr?*¢]-insulin analog
induced IR-A phosphorylation at levels similar to IGF-II (sup-
plemental Fig. S2B). To exclude the possibility that the differ-
ences in IR-A phosphorylation and therefore internalization
between insulin and IGF-II were affected by the concentration
of ligands in the supraphysiological range, we also tested IR-A
phosphorylation at 1 and 5 nM concentration of ligands, which
are in the physiological range for insulin. The phosphorylation
of IR-A induced by insulin, IGF-1I, and [NMeTyr"**]-insulin in
R—/IR-A cells showed a similar pattern at 1 and 5 nm (supple-
mental Fig. S2B), confirming the validity of our results at 200
ng/ml.

To characterize further the biological properties of [NMe-
Tyr®2¢]-insulin in comparison with insulin and IGF-II we first
determined by immunoblot the activation of Akt and ERK1/2,
the two major downstream effectors of IR-A signaling, which
are critical for IR-A-dependent proliferation (7, 11).

In agreement with previously published data (7, 11), insulin
promoted prolonged Akt activation, which was less pro-
nounced (p < 0.05) after stimulation by both IGF-II and [NMe-
Tyr®?¢]-insulin at all concentrations tested (supplemental Fig.
52C). On the other end, ERK1/2 activation by all growth factors
peaked at 10 min of ligand stimulation (supplemental Fig. S2C)
but remained more sustained after insulin stimulation com-
pared with IGF-II and [NMeTyr"?]-insulin at 1 and 5 nm con-
centrations but was similar (NS) with all three ligands at 30 nm
(supplemental Fig. S2C).
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FIGURE 2. Ligand affinity for the IR-A modulates cell growth and internalization. A, growth curve experiments were performed as previously described
from our laboratories (7, 11, 19). Cells were counted in Boyden chambers after 48 h and values are expressed as % increase over SFM. Data are the averages =
S.D. of three independent experiments. Statistical significance was determined using two-way ANOVA: p < 0.02, insulin versus IGF-Il stimulation curve; p < 0.05,
insulin versus [NMeTyr®2¢]-insulin stimulation curve. B-D, the level of IR-A internalization in R—/IR-A cells was determined by ELISA at different time points after
insulin (INS), IGF-II, or [NMeTyrB2]-insulin stimulation, as described under “Experimental Procedures.” Data are the averages *+ S.D. of three independent
experiments. Statistical significance was determined using Student’s t test for repeated measures, *, p < 0.05; **, p < 0.01 (INS, IGF-Il or [NMeTyr®2°]-insulin
versus SFM) and using two-way ANOVA with Bonferroni’s multiple comparison test, *, p < 0.05; **, p < 0.01 (INS versus IGF-Il or [NMeTyr®2¢]-insulin).

As IGF-II is a more potent mitogen than insulin despite its
lower affinity for the IR-A and the reduced ability to promote
IR-A phosphorylation (7, 11), it is reasonable to assume that the
[NMeTyr"?¢]-insulin analog, which has an affinity in the range
of IGF-II, could be as well a more potent mitogen than insulin.
Indeed, at all equimolar concentrations tested, [NMeTyr?*¢]-
insulin induced cell growth at significantly higher levels than
insulin with values very similar to IGF-II, as determined by
growth curves assays in R—/IR-A cells (Fig. 2A). Moreover, the
[NMeTyr®2¢]-insulin analog also induced low levels of IR-A
internalization (at all ligand concentrations) in comparison to
insulin, with a rate very similar to IGF-II (Fig. 2, B-D).

Collectively, these results support the hypothesis that differ-
ent affinities of the various hormone/ligands could play an
important role in modulating receptor phosphorylation, inter-
nalization from the cell membrane, and signaling, thereby mod-
ulating IR-A downstream biological responses. In addition,
these results confirm that the concentration used for the inter-
nalization assays (and in subsequent experiments in the manu-
script) perfectly recapitulates the results obtained at physiolog-
ical concentrations.

Insulin but Not IGF-II Induces IR-A and IRS-1 Down-
regulation—Next, we determined in R—/IR-A cells whether
prolonged stimulation with IGF-II or insulin differentially
affected IR-A stability. Total IR-A levels were decreased by 8 h
of insulin stimulation and further decreased by 24 h (Fig. 34). In
contrast, IGF-II exerted only a modest effect on IR-A levels,
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which were reduced by only ~15% after 24 h. Concurrently,
insulin markedly reduced the levels of the docking protein
IRS-1 (Fig. 3A), one of the major downstream effectors of IR
signaling that leads to cell proliferation and transformation (29,
30). In contrast, IGF-II stimulation had no effect on IRS-1 levels
(Fig. 3A). Interestingly, prolonged insulin or IGF-II stimulation
of R—/IR-A cells had no effect in regulating the levels of either
Shc or IRS-2 (Fig. 3A), two other components of the IR-A
downstream signaling pathway (31-33).

Because insulin and IGF-I-dependent IRS-1 degradation is
regulated by PI3K-dependent serine phosphorylation of IRS-1
(34, 35), we utilized phospho-specific antibody for IRS-1 Ser>”.
Insulin stimulation of R—/IR-A cells induced a significant
phosphorylation of Ser®®” at 10 min and this was sustained for
up to 1 h (Fig. 3B). On the contrary, IGF-II promoted phosphor-
ylation of IRS-1 Ser®°” with significantly slower kinetics insofar
as it reached levels comparable with insulin only after 60 min of
IGF-II stimulation (Fig. 3B). These results suggest that the
inability of IGF-II to promote IRS-1 degradation correlate to a
reduced capacity of IGF-II to promote IR-A-dependent serine
phosphorylation of IRS-1.

It has been shown (36) that in HeLa/IR cells insulin-induced
IR degradation was inhibited by proteosomal inhibitors. How-
ever, it was not established whether IR stability was sensitive to
inhibitors of the lysosomal pathway, which is the major route of
degradation of RTKs (15, 37). To investigate the pathway(s)
responsible for ligand-dependent degradation of the IR-A in
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R—/IR-A cells, we assessed IR-A levels by immunoblot after
24 h stimulation of insulin or IGF-II alone or in the presence of
either the proteosomal inhibitor MG132 (20 um) or the lyso-
somal inhibitor pepstatin/leupeptin mixture (100 um). Treat-
ment with leupeptin/pepstatin was as effective as MG132 in
stabilizing the IR-A protein upon prolonged insulin stimulation
(Fig. 3C), whereas the difference after IGF-II stimulation was
not statistically significant due to the very limited effect of
IGF-II on IR-A degradation (Fig. 3D). These results indicate
that, in addition to the proteosomal pathway, the lysosomal
pathway also plays an important role in down-regulation of the
IR-A in R—/IR-A cells.

To confirm the results of the experiments of IR-A and IRS-1
stability at equimolar and physiological concentrations of insu-
lin, we determined IR-A and IRS-1 levels after prolonged stim-
ulation of R—/IR-A cells with 5 nm insulin and IGF-1I. We also
exposed the cells to the same concentration of [NMeTyr*¢]-
insulin as an additional control. Although prolonged insulin
stimulation induced IR-A degradation, both IGF-II and [NMe-
Tyr®?¢]-insulin did not affect IR-A levels in R—/IR-A cells (sup-
plemental Fig. S3). Concurrently, 5 nm insulin reduced IRS-1
levels, which were not affected by an equimolar concentration
of IGF-II (supplemental Fig. S3). [NMeTyr*®]-Insulin was
more effective than IGF-II in promoting IRS-1 degradation
although at lower levels than insulin (supplemental Fig. S3).
These results strongly support the data obtained at 200 ng/ml
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(30 nm), and further strengthen the hypothesis that the differ-
ent abilities of insulin and IGF-II to regulate IR-A and IRS-1
stability contributes to the difference in mitogenic responses
between insulin and IGF-II.

We should point out that in the experiments presented in
Figs. 1-3 we used mouse embryo fibroblasts null for the /GF-IR
and overexpressing solely IR-A. It is important to point out that
the results of these experiments may not be equally clear in
other cellular models that would coexpress the IGF-IR, which,
by binding the IGF-II, could obscure IGF-II action on the IR-A.
However, it can be argued that R—/IR-A cells do not exactly
represent a physiological or pathological model where the IR-A
is expressed in conjunction with the IGF-IR. To address this
issue, we performed IGF-II and insulin-mediated internaliza-
tion assays in NIH3T3/IR-A cells, which express physiological
levels of IR-A and endogenous IGF-IR (supplemental Fig. S4A4)
and in R+/IR-A cells, which are R—/IR-A cells in which the
IGF-IR has been reintroduced (supplemental Fig. S4B). In both
celllines insulin promoted IR-A internalization, whereas IGF-11
was ineffective (supplemental Fig. S4, A and B). As demon-
strated in R—/IR-A cells, also in R+/IR-A, prolonged stimula-
tion with insulin, but not with IGF-II, affected IR-A and IRS-1
stability.

Parallel experiments were also performed in a pathological
cellmodel using MDA-MB-157 breast cancer cells, which coex-
press the IGF-IR together with high levels of endogenous IR-A
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versus oligo-control-treated cells).

(supplemental Fig. S4C). Here, insulin, but not IGF-II, induced
IR-A internalization (supplemental Fig. S4C). However, simi-
larly to previously published data (38, 39), we did not detect
degradation of either IR-A or IRS-1 after prolonged insulin
stimulation (data not shown) suggesting that aggressive breast
cancer cells may escape IR-A degradation and the negative
feedback loop regulating IRS-1 stability. These data confirm the
results obtained in R—/IR-A cells and indicate that IGF-II and
insulin differ in their ability to regulate IR-A internalization
even in additional physiological or pathological cell models
expressing IR-A in conjunction with IGF-IR.

IR-A Is Internalized through Clathrin-dependent and -inde-
pendent Pathways—Because the pathways that mediate IR-A
internalization are not yet characterized, we assessed ligand-
evoked internalization of the IR-A in R—/IR-A cells. Concur-
rently, we employed small interference RNA (siRNA) strat-
egies to target endogenous expression of clathrin or
caveolin-1, two critical components of the clathrin-depen-
dent and -independent pathways, respectively (40 —42). Our
approach yielded a substantial suppression of endogenous
clathrin protein expression (Fig. 44) and a concurrent sig-
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nificant inhibition of insulin and IGF-II-mediated IR-A
internalization (Fig. 4B). Suppression of endogenous caveo-
lin-1 expression (Fig. 44) was as effective as clathrin deple-
tion but it resulted only in a modest although statistically
significant reduction in the level of insulin-dependent inter-
nalization of the IR-A (Fig. 4C), whereas the difference in
IGF-II-induced internalization was not statistically signifi-
cant (Fig. 4C). These results suggest that insulin and IGF-II
stimulation lead to clathrin-dependent and -independent
IR-A internalization, although clathrin-dependent endocy-
tosis may play a prevalent role in the process.

IR-A Is Preferentially Degraded via Clathrin-dependent
Endocytosis—To determine the contribution of clathrin-de-
pendent and -independent pathways to the regulation of IR-A
stability, we utilized clathrin and caveolin-1-specific siRNA,
and monitored IR-A levels by immunoblotting analysis. We
found that IR-A degradation induced by prolonged insulin
stimulation of R—/IR-A cells was significantly inhibited by
depletion of clathrin (Fig. 54). On the contrary, depletion of
endogenous caveolin-1 was ineffective in stabilizing IR-A pro-
tein levels, whose difference was statistically significant only

VOLUME 287 +NUMBER 14+MARCH 30, 2012


http://www.jbc.org/cgi/content/full/M111.252478/DC1
http://www.jbc.org/cgi/content/full/M111.252478/DC1

A
blot Veh Control siClath
clathrin
IR
B-actin
SFM 8 24 8 24
INS
B
blot Veh Control siClath
clathrin
IR
B-actin
SFM 8 24 8 24
IGF-lI
C
blot Veh Control siCav
caveolin-1
IR
B-actin
SFM 8 24 8 24
INS
blot Veh Control siClath
caveolin-1
IR
B-actin

8 24 8 24

SFM

IGF-I

Insulin and IGF-1l Regulation of IR-A Trafficking

*%*

e —
*%
—
1 I_H_I_I
0
8 24 8 24

IR level (arbitrary units)
o
%]

SFM
Control siClath
m
-~
c 1 —
=
>
D
©
S
=
1 I_I_II
L
]
>
2
V]
= SFM 8 24 8 24
Control siClath

0.5

IR level (arbitrary units)

SFM 8 24 8 24
Control siCav

0.5

SFM 8 24 8 24
Control siCav

IR level (arbitrary units)

FIGURE 5. Clathrin-dependent endocytosis is required for insulin-induced IR-A degradation. Gene knockdown for clathrin and caveolin-1in R—/IR-A cells
was achieved by siRNAs. IR-A levels were determined in clathrin-depleted (A and B) or caveolin-1-depleted (C and D) R—/IR-A cells by immunoblot after
stimulation with insulin or IGF-Il for 8 and 24 h. IR-A, clathrin, and caveolin-1 expression was assessed using anti-IR (A-D), anti-clathrin (A), and anti-caveolin-1
(B) polyclonal antibodies. Protein load was assessed using anti-B-actin polyclonal antibodies. Results are expressed as average = S.D. of three independent
experiments. Statistical significance was determined using two-way ANOVA with Bonferroni’s multiple comparison test. **, p < 0.01.

after 8 h of insulin stimulation (Fig. 5C). The same results were
obtained after IGF-II stimulation, although the differences in
the level of IR-A protein between clathrin-depleted (Fig. 5B),
caveolin-depleted (Fig. 5D), and control-transfected R—/IR-A
cells were not statistically significant due to a low level of IR-A
degradation induced by IGF-IL in these cells. Collectively, these
results indicate that insulin-evoked degradation of the IR-A is
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preferentially regulated by the clathrin-dependent endocytosis
pathway.

Insulin and IGF-II Differentially Regulate Sorting of IR-A—
To investigate further insulin- and IGF-II-induced sorting of
the IR-A, we employed confocal microscopy analysis to test
whether the IR-A colocalized with EEA1, a marker of early
endosomes, or with LAMP-1, a marker of lysosomes (40). In
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unchallenged R—/IR-A cells, there was no colocalization of
IR-A with EEA1 (Fig. 6A). After IGF-II or insulin stimulation,
the IR-A colocalized in EEA1-positive endosomes (Fig. 64). In
contrast, whereas insulin stimulation of R—/IR-A cells induced
a significant colocalization of IR-A with LAMP-1, which
increased between 2 and 6 h of insulin stimulation (Fig. 6B), we
did not detect significant colocalization between the IR-A and
LAMP-1 after IGF-II stimulation (Fig. 6B).

Collectively, these results indicate that insulin and IGF-II
significantly differ in their ability to regulate IR-A sorting. Upon
insulin stimulation the IR-A is significantly internalized from
the cell surface and sorted from early endosomes into the lyso-
somal/degradative compartment, whereas IGF-II activation of
the IR-A promotes less efficient internalization of the receptor,
which is sorted initially into early endosomes but does not
reach the late endosome/lysosomal compartment, thereby
being likely recycled to the cell surface.

Pharmacological Inhibition of IR-A Endocytosis Affects
Downstream Signaling—Next, we determined insulin and IGF-
II-evoked activation of the Akt and MAPK pathways in
R—/IR-A cells, as a read-out of IR-A-induced signaling (7, 11).
Concurrently, we utilized well characterized pharmacological
inhibitors of the endocytic pathway. Initially, we tested a gen-
eral inhibitor of endocytosis methyl-B-cyclodextrin, which
extracts cholesterol from membranes and affects both clathrin-
dependent and -independent pathways (41-43). As control, we
tested by ELISA the effect of methyl-B-cyclodextrin on IR-A
internalization. Methyl-B-cyclodextrin inhibited both insulin
and IGF-II-induced IR-A internalization (Fig. 7A), although the
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effect after IGF-II stimulation was less evident due to low level
of receptor internalization.

To investigate the impact of endocytosis on IR-A signaling
we determined the activation of IRS-1, Akt, ERK1/2, and p70
S6K after insulin or IGF-II stimulation by immunoblot analysis
using phosphospecific antibodies. We also assessed IR-A phos-
phorylation as control to rule out that the inhibitor may affect
internalization by interfering with ligand-mediated activation
of the IR-A.

Activation of the IR-A by either insulin or IGF-II was not
affected by methyl-B-cyclodextrin, even though the inhibitor
had some effects on the kinetics of receptor activation (Fig. 7B).
Methyl-B-cyclodextrin exposure increased early IR-A phos-
phorylation (up to 10 min) and slightly decreased the sustained
activation of the receptor (30 and 60 min). A similar effect was
detectable with IRS-1 tyrosine phosphorylation, which was
only affected after prolonged insulin or IGF-II stimulation (Fig.
8B). Significantly, methyl-B-cyclodextrin had instead a major
effect on serine phosphorylation of IRS-1 and downstream sig-
naling molecules, abolishing Akt and ERKs activation but only
slightly reducing p70 S6K phosphorylation mediated by both
insulin and IGF-II.

The effect of methyl-B-cyclodextrin on endocytosis and sig-
naling was also assessed in R—/IR-A cells stimulated with
equimolar concentrations of the insulin analog [NMeTyr"*¢]-
insulin. Although methyl-B-cyclodextrin was less effective in
inhibiting the prolonged IR-A phosphorylation induced by the
analog compared with insulin and IGF-II (Fig. 7, A and B), the
inhibitory effect on internalization of IRS-1, Akt, ERK1/2, and
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p70 S6K phosphorylation perfectly recapitulated the one
obtained in the presence of insulin and IGF-II (Fig. 7, A and B).

To gain further insight into the role that IR-A internalization
plays in regulating IR-A signaling, we assessed whether clath-
rin-dependent and -independent endocytosis may have differ-
ent effects in regulating insulin- and IGF-II-evoked activation
of IR-A downstream signaling. To this end, we selectively tar-
geted clathrin-dependent and -independent pathways by using
inhibitors that specifically inhibit either endocytic pathway. We
used the cationic amphiphilic drug chlorpromazine, which spe-
cifically inhibits clathrin-dependent endocytosis by affecting
the membrane localization of AP2, another essential compo-
nent of clathrin-coated vesicles (44, 45). To target clathrin-in-
dependent endocytosis, we used filipin, a polyene antibiotic
that acts as a cholesterol chelator without extracting sterols
from membranes (41, 42). ELISAs performed in R—/IR-A cells
confirmed that both chlorpromazine and filipin inhibited IR-A
internalization from the cell surface after insulin and IGF-II
stimulation (Fig. 84). We then tested by immunoblot analysis
the effect of the inhibitors on IR-A activation and downstream
signaling. Notably, both chlorpromazine (Fig. 8B) and filipin
(Fig. 8C) had no significant effects on IR-A or IRS-1 tyrosine
phosphorylation levels at early time points, but they diminished
the sustained tyrosine phosphorylation of IRS-1 induced by
insulin and IGF-II (after 30 and 60 min). Chlorpromazine
increased basal and ligand-induced serine phosphorylation of
IRS-1 at early time points but reduced the prolonged phosphor-
ylation particularly after 60 min of ligand stimulation (Fig. 8B).
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Significantly, chlorpromazine strongly inhibited Akt activation
induced by both insulin and IGF-II (Fig. 8B), whereas it pro-
moted a higher basal and a more prolonged activation of ERK
proteins. In contrast, filipin severely affected serine phosphor-
ylation of IRS-1 and ERKs activation by both insulin and IGF-II
(Fig. 8C), whereas the reduction of Akt activation was more
pronounced in IGF-II-stimulated cells than after insulin stim-
ulation, which was affected mostly after 30 and 60 min (Fig. 8C).
Both inhibitors slightly increased basal and early activation of
p70 S6K induced by both insulin and IGF-II. It is noteworthy
that these experiments (and the experiments presented in Fig.
7) were designed to assess the differences in downstream sig-
naling between ligands in the presence or absence of endocyto-
sis inhibitors and that insulin, IGF-1I, and [NMeTyr®2¢]-insu-
lin-stimulated (Fig. 7) samples were run on separate gels. One
should be cautious, therefore, in comparing insulin and IGF-II
signaling from different blots. This differential signaling was,
however, addressed in detail in previous work from our labora-
tories (7, 11) and as described above.

Altogether, these results clearly indicate that endocytosis does
not play a major role in regulating IR-A or IRS-1 early tyrosine
phosphorylation, which occurs at the plasma membrane, but it
plays a role in sustaining a prolonged receptor and IRS-1 tyrosine
phosphorylation. In contrast, serine phosphorylation of IRS-1
seems to be severely regulated by clathrin-independent endocyto-
sis. Moreover, our data suggest that upon insulin and IGF-II stim-
ulation, clathrin-dependent endocytosis is critical for IR-A-depen-
dent activation of Akt, whereas clathrin-independent endocytosis
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orIGF-llalone or in the presence of the specific inhibitors. B, effect of chlorpromazine, and C, filipin on insulin and IGF-Il-dependent IR-A, IRS-1, Akt, ERK1/2, and p70 S6K

phosphorylation was assessed by immunoblot using phosphospecific antibodies. Blots are representative of three independent experiments.

may prevalently regulate IR-A-dependent activation of ERKs and
to a lesser extent Akt activation. Interestingly, p70 S6K activation
was slightly affected and may be even increased by IR-A internal-
ization inhibition. The relative independence of p70 S6K activa-
tion by IR-A internalization is in close agreement with our previ-
ous findings demonstrating that, although IGF-II is clearly less
potent than insulin in promoting IR-A and Akt phosphorylation, it
is approximately as effective as insulin in activating p70 S6K (46).

DISCUSSION

In the present study we tested the hypothesis that insulin and
IGF-II could affect IR-A biological responses by differentially
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regulating IR-A trafficking and stability. For these experiments
we used a unique model of mouse embryo fibroblasts lacking
the IGF-IR and overexpressing solely the IR-A (11). Our main
results can be summarized as follows. (i) Insulin stimulation of
R—/IR-A cells promotes IR-A internalization, which is instead
only modestly induced by IGF-II stimulation. (ii) The difference
in internalization is not due to IR-A ubiquitination, which is
comparable in IGF-II and insulin-stimulated R—/IR-A cells.
(iii) The insulin analog [NMeTyr®?¢]-insulin, which has lower
affinity than insulin for IR-A, promotes IR-A phosphorylation,
internalization, and proliferation at levels comparable with
IGF-II. (iv) Prolonged stimulation of R—/IR-A cells with insu-
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lin, but not with IGF-II or [NMeTyr®>¢]-insulin, targets the
IR-A for degradation through both proteosomal and lysosomal
pathways. (v) The different rates of receptor internalization
mediated by insulin and IGF-II are conserved in three addi-
tional non-transformed and transformed cell lines where the
IR-A is coexpressed at different levels with the IGF-IR. (vi)
IRS-1 is down-regulated as well after prolonged insulin expo-
sure but not after IGF-II exposure. (vii) Upon insulin or IGF-II
stimulation, the IR-A is internalized through clathrin-depen-
dent and -independent pathways, but only the clathrin-depen-
dent internalization is required for IR-A degradation. (viii)
Clathrin-dependent and -independent endocytosis differen-
tially regulates the activation of IR-A downstream effectors.

Previously published work (47) has established that the IR,
similarly to other RTKs, is internalized from the cell surface
upon ligand stimulation. The majority of work has been con-
centrated on endocytosis of the IR through clathrin-coated ves-
icle-mediated internalization (47, 48), but reports have also
suggested that additional pathways may be important for IR
internalization (49). More recent data have in fact pointed out a
role of caveolae in mediating rapid insulin-dependent internal-
ization of the IR (45, 50). The majority of these experiments
were performed in adipocytes, which preferentially express the
IR-B isoform (7, 8) and exclusively upon insulin stimulation.
Our study provides the first characterization of IR-A internal-
ization in the presence of both insulin and IGF-II and provides
strong evidence that contributes to elucidate the differences in
downstream biological effects mediated by insulin and IGF-II
through the IR-A.

Ligand-mediated ubiquitination of RTKs is a critical step in
promoting receptor endocytosis (51), and recent data from our
laboratories has demonstrated that IGF-I-mediated ubiquitina-
tion of the IGF-IR regulates receptor internalization and deg-
radation (17, 18). Compared with insulin, IGF-II stimulation of
the IR-A induces only a modest internalization of the receptor,
which cannot be explained by a difference in the level of IR-A
ubiquitination, as in fact IGF-Il induced a slightly higher level of
IR-A ubiquitination compared with insulin. These results
therefore suggest that IR-A ubiquitination is not essential in
promoting receptor internalization and that additional mecha-
nisms may be more critical in the regulation of early events of
IR-A endocytosis.

Recent biochemical evidence from several laboratories
including ours suggests that RTKs may not be exclusively
polyubiquitinated (addition of a polyubiquitin chain to a single
lysine residue) but also monoubiquitinated at multiple sites
(multiubiquitinated) with different effects on receptor endocy-
tosis, down-regulation, or signaling (18, 52, 53). In the present
work, the ubiquitination experiments only compared the total
levels of IR-A ubiquitination induced by either insulin or IGF-II
but did not address qualitatively the type of ubiquitin modifi-
cations on IR-A. We can therefore speculate that insulin and
IGF-II may promote different type of ubiquitin modifications
on the IR-A (polyubiquitination versus multiubiquitination),
which differentially regulate internalization and sorting of the
IR-A. Moreover, insulin and IGF-II may induce different kinet-
ics of IR-A ubiquitination/deubiquitination, an additional bio-
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logical mechanism that may potentially affect receptor inter-
nalization and sorting.

Previous work from our laboratories (7, 11) and the present
article (cf Fig. 1 and supplemental Fig. S2) demonstrate that in
R—/IR-A cells insulin is more potent than IGF-II in inducing
phosphorylation of the IR-A. Collectively, these results suggest
that IR-A phosphorylation levels may play a more critical role
than ubiquitin in regulating receptor internalization and sort-
ing of the IR-A en route to degradation. This hypothesis is also
supported by recent data demonstrating that insulin promotes
higher levels of IR-A phosphorylation and internalization com-
pared with the IR-B (54). In addition, the insulin analog [NMe-
Tyr®*¢]-insulin, which induces IR-A phosphorylation at levels
comparable with those evoked by IGF-1I, promotes IR-A inter-
nalization at very low levels compared with insulin with a rate
similar to IGF-II-induced internalization.

The differences in IR-A phosphorylation, internalization,
and signaling induced by insulin and IGF-II correlate with the
differences in affinity for the IR-A. The experiments performed
with the insulin analog [NMeTyr"**]-insulin with an affinity for
the IR-A similar to IGF-II support the hypothesis that the affin-
ity of the different ligands for the IR-A may play an important
role in determining receptor fate, signaling, and downstream
biological responses. However, it is important to point out that
additional mechanisms may contribute to this process, includ-
ing differences of occupancy time and stability of the ligand-
receptor complex in the acidifying endosomal compartments,
which may affect the recycling process (55). Previous studies
from Hansen et al. (56) have reported increased mitogenicity of
insulin analogs with slow ligand dissociation rate. For several
reasons these studies are not readily comparable with our data.
These authors measured kg, (dissociation rate constant),
which does not exactly represent the ligand binding affinity,
which is best expressed by K, (as measured in this study). More-
over, more recent data have demonstrated that one of the
highly mitogenic analogs used in the Hansen paper ([B-Asp'°]-
insulin/X10) binds not only the IR but also the IGF-IR and
induces cell proliferation and transformation by activating both
IGF-IR and IR (57, 58). Because Hansen et al. (56) tested mito-
genesis in CHO-K1 cells and demonstrated that these cells
actually express higher levels of IGF-IR (50,000 binding sites)
compared with IR (3,000 binding sites), it is likely that the high
mitogenic properties of some of these analogs could be preva-
lently or partially mediated through the IGF-IR, instead of the
IR, clearly overestimating the mitogenic potential of these ana-
logs through the IR.

However, because the insulin analog used here has not been
rigorously characterized in previous and our current experi-
ments, further studies are required in support of our model.
Experiments with different insulin analogs with a wider range
of affinities for the IR-A are currently underway to more accu-
rately characterize the contribution that the relative affinity of
the various ligands/analogs may play in regulating IR-A phos-
phorylation, endocytosis, and mitogenic responses.

The confocal analysis demonstrated that IGF-II-activated
IR-A follows the same fate of insulin-activated IR-A up to the
early endosomal compartment, where the IR-A colocalizes with
EEA1 following exposure to either insulin or IGF-II. However,
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after prolonged insulin stimulation, a significant fraction of the
IR-A is then sorted into the lysosomal compartment and tar-
geted for degradation, whereas the majority of IGF-II-activated
IR-A does not co-localize with the lysosomal marker LAMP-1.
These results suggest that upon IGF-II stimulation, the IR-A
may be sorted from early endosomes into a recycling compart-
ment where it is routed back to the plasma membrane. The
nature of this recycling compartment and whether the internal-
ized IR-A can recycle back to the cell membrane from early
endosomes in a RAB4-dependent fashion (rapid recycling
route), or through RAB11-positive endosomes (slow recycling
route) (59) remain to be elucidated.

The differential effects of IGF-II and insulin on IR-A inter-
nalization and sorting are reminiscent of the EGFR, where dif-
ferent EGFR ligands, such as amphiregulin, TGF-a, HB-EGF, or
epiregulin, have diverse effects on the regulation of receptor
endocytosis, sorting, and degradation (60-62). Sustained
IGF-II stimulation of R—/IR-A cells fails to appreciably modu-
late IR-A levels and fails to induce degradation of IRS-1, a crit-
ical regulator of IR-A-induced mitogenesis (29, 30). Insulin and
IGF-I-dependent IRS-1 degradation are regulated by PI3K-de-
pendent phosphorylation of IRS-1 on serine residues, which is a
negative feedback regulatory mechanism to control the activity
of the IR and IRS-1 after prolonged ligand stimulation (34, 35).
Our data clearly show that both insulin and IGF-II evoke tyro-
sine phosphorylation of IRS-1 but they differ in the ability to
promote serine phosphorylation of IRS-1, which may regulate
IRS-1 degradation. Thus, these results support the hypothesis
that the inability of IGF-II to promote IRS-1 degradation may
depend on the reduced capacity of IGF-II to promote IR-A-de-
pendent serine phosphorylation of IRS-1. We cannot exclude
that additional mechanisms may also contribute to determine
IRS-1 escape from the negative feedback loop that targets it for
degradation.

The pathways that regulate endocytosis of the EGER are well
characterized, as are many proteins that play a critical role in
the regulation of receptor internalization and sorting (15, 16,
37, 51). However, proteins that regulate IR-A internalization
and sorting have not been so far identified. We have previously
established that the adapter protein Grb10 binds the ubiquitin
ligase Nedd4 (63) and promotes IGF-IR ubiquitination and
internalization through clathrin-dependent and -independent
pathways (17, 18). Grb10 binds the IR in an insulin-dependent
fashion (64— 67) and Grb10 depletion by shRNA in HeLa cells
inhibits insulin-dependent IR ubiquitination and degradation
(36). However, whether insulin and IGF-II may differentially
affect Grb10 binding to the IR-A isoform and whether Grb10
may regulate IR-A internalization and sorting remains to be
established. Because IGF-II induces lower levels of IR-A phos-
phorylation compared with insulin, we can hypothesize that the
stronger mitogenic activity induced by IGE-II over insulin may
not only be attributed to a reduced ability to promote receptor
internalization and degradation (cf. Figs. 1-3) but also to a
decreased ability of negative regulators of IR signaling, such as
Grb10, to bind the IR-A after IGF-II stimulation. Clathrin-de-
pendent and -independent routes of EGFR internalization have
significantly different effects on receptor fate and signaling abil-
ities (41). Clathrin-mediated endocytosis plays no major role on

11434 JOURNAL OF BIOLOGICAL CHEMISTRY

EGER degradation but rather induces receptor recycling and
sustained signaling, whereas the clathrin-independent pathway
promotes EGFR degradation (41). Our results suggest instead
that insulin-dependent IR-A degradation requires clathrin-de-
pendent endocytosis, whereas both clathrin-dependent and
-independent pathways may contribute to the regulation of
IR-A downstream signaling induced by both insulin and IGF-IL

Endocytosis does not play a major role in regulating IR-A or
IRS-1 early tyrosine phosphorylation, which occurs at the
plasma membrane, but it may play a role in regulating the pro-
longed tyrosine phosphorylation, which may require IR-A and
IRS-1 internalization into early endosomes. In contrast, serine
phosphorylation of IRS-1 requires IR-A endocytosis through a
clathrin-independent pathway, as it is severely reduced after
exposure to filipin. Clathrin-dependent endocytosis is critical
instead for IR-A-dependent activation of Akt, whereas clathrin-
independent endocytosis may prevalently regulate IR-A-de-
pendent activation of ERKs and provides a minor contribution
to Akt activation.

In summary, our results suggest that the lower affinity of
IGF-II for the IR-A may on one hand promote lower IR-A phos-
phorylation and activation of early downstream effectors com-
pared with insulin but may also protect IR-A and IRS-1 from
negative feedback down-regulation mechanisms, thereby evok-
ing a more potent mitogenic stimulus. In addition, the reduced
IR-A activation promoted by IGF-II may protect the receptor
from the action of negative regulators, such as Grb10, which
bind the IR in a ligand-dependent manner.
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