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Background: The IGF-1 receptor is essential for cell growth and survival.
Results: A site for GSK3� phosphorylation in the C-terminal tail controls receptor kinase activity, trafficking, and signaling.
Conclusion: Serine phosphorylation restrains kinase activity and signaling.
Significance: Cell growth or survival may be selectively modulated by GSK-3�-mediated phosphorylation of IGF-1R.

Insulin-like growth factor I receptor (IGF-1R) signaling is
essential for cell, organ, and animal growth. The C-terminal tail
of the IGF-1R exhibits regulatory function, but the mechanism
is unknown. Here, we show that mutation of Ser-1248 (S1248A)
enhances IGF-1R in vitro kinase activity, autophosphorylation,
Akt/mammalian target of rapamycin activity, and cell growth.
Ser-1248 phosphorylation is mediated by GSK-3� in a mecha-
nism that involves a priming phosphorylation on Ser-1252.
GSK-3� knock-out cells exhibit reduced IGF-1R cell surface
expression, enhanced IGF-1R kinase activity, and signaling.
Examination of crystallographic structures of the IGF-1R kinase
domain revealed that the 1248SFYYS1252 motif adopts a confor-
mation tightly packed against the kinase C-lobe when Ser-1248
is in the unphosphorylated state that favors kinase activity.
S1248Amutation is predicted to lock the motif in this position.
In contrast, phosphorylation of Ser-1248 will drive profound
structural transition of the sequence, critically affecting connec-
tion of the C terminus as well as exposing potential protein
docking sites. Decreased kinase activity of a phosphomimetic
S1248E mutant and enhanced kinase activity in mutants of its
predicted target residue Lys-1081 support this auto-inhibitory
model. Thus, the SFYYS motif controls the organization of the
IGF-1R C terminus relative to the kinase domain. Its phosphor-
ylation by GSK-3� restrains kinase activity and regulates recep-
tor trafficking and signaling.

The IGF-1R3 is widely expressed in human tissues and, acti-
vated by either IGF-1 or -2, mediates a conserved signaling
pathway necessary for cell and organismal growth (1). Reduced
IGF-1R expression or IGF-1 signaling is associated with small
stature, cell, and organ size (2). The IGF signaling pathway also

promotes cell survival, proliferation, and migration (reviewed
in Ref. 3); it harbors proteins encoded by several potent onco-
genes (PI3K, Akt, mTOR); and it is regulated by key tumor
suppressors (PTEN, TSC1, and p53) (4). Inhibitors of the
IGF-1R and its signaling intermediates are in clinical testing in
a range of cancers (5).
Although the IGF-1R shares structural similarity with the

insulin receptor (IR), being most similar in the kinase domain
(84% sequence identity) and juxtamembrane domains (61%
sequence identity), the C-terminal tails are quite distinct (44%
sequence identity) (6). These kinases exhibit a similar mecha-
nism of activation. In the IGF-1R, sequential autophosphoryla-
tion of three tyrosines (Tyr-1135, Tyr-1131, and Tyr-1136)
facilitates stabilization of the kinase activation loop (A-loop) in
a position that promotes catalysis and subsequent phosphory-
lation of substrates (7).
The C-terminal tail of the IGF-1R has been proposed as a

regulatory domain to potentially mediate differences in IGF-1R
and IR signaling (8–10). Specific domains in the IGF-1R C-ter-
minal tail, particularly the one encompassing Tyr-1250 and
Tyr-1251, which are present in the IGF-1R andnot in the IR, are
essential for IGF-1R function (8, 11–15). Mutation of Tyr-
1250/Tyr-1251 is sufficient to abrogate IGF-1-mediated cellu-
lar transformation, suppression of apoptosis, cell migration,
MAPK activation, and association of the IGF-1R with the scaf-
folding protein RACK1 in cooperation with integrin signaling
(8, 13, 15, 16). Deletion of the C-terminal tail enhances IGF-1R-
mediated transformation and suppression of apoptosis (8, 17),
and ectopic expression of a myristoylated peptide encompass-
ing the entire C-terminal 108 amino acids (MyCF) induces apo-
ptosis and inhibits clonogenic and tumorigenic growth in
tumor cell and nude mouse models, respectively (18, 19).
However, the molecular mechanisms underlying regulatory

functions of the C-terminal tail are not understood. There is no
evidence for constitutive or IGF-1-mediated phosphorylation
of Tyr-1250 or Tyr-1251. The tyrosines are flanked by serines
Ser-1248 and Ser-1252 that are also present in the IR at posi-
tions Ser-1275 and Ser-1279. The function of these serines is
unknown, but mutation of either Ser-1248 in the IGF-1R or
Ser-1275 in the IR reduces RACK1 interaction with the IGF-1R
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and IR, respectively (20, 21). This observation and the require-
ment for Tyr-1250/Tyr-1251 in IGF-1R function suggest that
the SFYYSmotif is a site for regulatory phosphorylation events.
To address this, we investigated serine phosphorylation of

the 1248SFYYS1252 motif in the IGF-1R and its effect on kinase
activity and signaling. We also used the available crystal struc-
tures that, although truncated below amino acid 1256, encom-
pass the SFYYS motif (7, 22–31) and enabled us to explore the
structural basis for thismotif in regulating IGF-1R activity. Our
findings indicate that a direct regulatory interaction of the C
terminus with the kinase domain can be controlled by phos-
phorylation of Ser-1248. Moreover, because phosphorylation
of Ser-1248 is prevalent in the absence of IGF-1 and mediated
by GSK-3�, we propose that phosphorylation of Ser-1248
restrains IGF-1R kinase activity.

EXPERIMENTAL PROCEDURES

Materials—Recombinant IGF-1was fromPeproTech (Rocky
Hill, NJ). Anti-Akt, phospho-Akt, phospho-ERK1/2, phospho-
p70 S6 kinase (Thr-389), p70 S6 kinase, phospho-4E-BP1 (Thr-
37/46), and 4EB-P1 antibodies were from Cell Signaling (Bev-
erly, Ma), and the anti-ERK, anti-�-catenin, and anti-GSK-3�
monoclonal antibodies were from BD Transduction Laborato-
ries (Heidelberg, Germany). Anti-IGF-1R polyclonal antibody
was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA).
Anti-phosphotyrosine clone 4G10 and recombinant GSK-3�
were fromMillipore (Watford, UK).
Cell Culture, Transfection, and IGF-1-mediated Stimulation

of Cells—MCF-7 cells, R� and R� cells (mouse embryonic
fibroblast (MEF) cell lines derived from IGF-1R knock-outmice
(32)), andGSK-3� nullMEFs, a kind gift of Dr. JamesWoodgett
(33), were maintained in Dulbecco’s modified Eagle’s medium
(BioWhittaker, Verviers, Belgium), supplemented with 10%
(v/v) fetal bovine serum, 10 mM L-Glu, and 5 mg/ml penicillin/
streptomycin. Where indicated, cells were transiently trans-
fected with pcDNA3 plasmids encodingWT ormutant IGF-1R
or empty pcDNA3 vector in 6-well plates using 1.5 �g of DNA
and 10-cm plates for immunoprecipitations using 8 �g DNA.
Preparation of Cellular Protein Extracts and Immuno-

precipitation—Cellular protein extracts were prepared by
washing cells with phosphate-buffered saline and then scraping
into lysis buffer consisting of 20 mM Tris-HCl, pH 7.4, 150 mM

NaCl, 1%Nonidet P-40 plus the tyrosine phosphatase inhibitor
Na3VO4 (1 mM), and the protease inhibitors phenylmethylsul-
fonyl fluoride (1 mM), pepstatin (1 �M), and aprotinin (2 mM).
For immunoprecipitation, lysates (700 �g of protein per sam-
ple) were incubated with 1 �g of polyclonal anti-IGF-1R anti-
body overnight at 4 °C, followed by addition of 20 �l of protein
G-agarose beads for 3 h at 4 °C. Immunoprecipitates were
washed three times with ice-cold lysis buffer, centrifuged at
3000 rpm for 3 min, heated in 15 �l of 2� concentrated Laem-
mli sample buffer, and separated by SDS-PAGE followed by
Western blot analysis.
Western Blotting—Protein samples resolved by SDS-PAGE

were transferred to nitrocellulose membranes, which were
blocked for 1 h at room temperature in Tris-buffered saline
containing 0.05% Tween 20 (TBS-T) and 5% milk (w/v). All
primary antibody incubations were performed overnight at

4 °C, and secondary antibody incubations were for 1 h at room
temperature. Alexa Fluor 680- and 800-coupled anti-rabbit and
anti-mouse secondary antibodies (LI-COR Biosciences Cam-
bridge, UK) were used for detection with the Odyssey infrared
imaging system (LI-COR Biosciences, Cambridge, UK).
In-cell Western—Cells were seeded at 5 � 104 cells/well in

96-well tissue culture plates in completemedium for 24 h. Cells
were immediately fixed with 100 �l of a freshly prepared fixing
solution (3.7% formaldehyde/PBS) and incubated at room tem-
perature for 20min. The indicated samples were permeabilized
(to control for total IGF-1R protein expression) with 50 �l of
permeabilization solution (0.1% Triton X-100/PBS), washed
once with PBS, and blocked in 50 �l of blocking buffer (5% goat
serum/PBS) overnight at 4 °C. Primary antibody (anti-IGF-1R
�IR3) was added for 2 h with gentle rocking followed by wash-
ing and incubation with secondary antibody (Alexa Fluor-800;
1:750 in blocking buffer). Syto60 (Invitrogen) was also included
(1:10,000). Syto60 is a cell-permeable nucleic acid stain that
fluoresces at 680 nm and is detected using theOdyssey infrared
scanner. Cells were washed five times with PBS. Plates were
dried, and IGF-1R (surface and total levels) intensity was quan-
tified using the Odyssey software with normalization to Syto60
levels.
Two-dimensional Gel Electrophoresis—Cell samples to be

resolved by two-dimensional electrophoresis were washed in
250 mM sucrose, 10 mM Tris, and lysed by scraping into 8 M

urea, 4% CHAPS, 2% IPG Buffer, 40 mM DTT. 60 �g of each
sample was loaded by rehydration onto 7-cm isoelectric focus-
ing strips (IPG strips, GE Healthcare) with a pH range of 3–11
and focused to 55 kV. Strips were equilibrated with buffer com-
posed of 50 mM Tris-HCl, pH 8.8, 6 M urea, 30% (v/v) glycerol,
2% (w/v) SDS, and 0.002% bromphenol blue, initially with 1%
DTT (dithiothreitol), and then with 2.5% iodoacetamide. Iso-
electric strips were resolved on 15% SDS-polyacrylamide gels
and MyCF protein detected by Western blotting.
In Vitro Kinase Assays—R� cells were transiently transfected

with pcDNA3 encodingWTorK1003R IGF-1R, andHEK293T
cells were transfected with MyCF WT and MyCF S1248A. At
48 h post-transfection for R� and 24 h forHEK 293T, cells were
lysed and subjected to immunoprecipitation with anti-IGF-1R
antibody. Immunocomplexes were washed in GSK-3� kinase
buffer (5 mMMOPS, pH 7.2, 2.5 mM �-glycerophosphate, 1 mM

EGTA, 400 �M EDTA, 4 mM MgCl2, 50 �M DTT, 0.4 mg/ml
BSA) and incubated in the presence of active GSK-3� for 20
min at 30 °C in the presence of [�- 32P]ATP. Following incuba-
tion with GSK-3� and [�- 32P]ATP, immunocomplexes were
washed three times in GSK-3� kinase buffer and resolved by
SDS-PAGE.
For analysis of IGF-1R tyrosine kinase activity, R� cells were

transiently transfected with pcDNA3 encodingWT, Tyr-1250/
Tyr-1251, S1248A, S1252A, S1248E, K1081G, or K1081E IGF-
1R. At 48 h post-transfection, cells (or 48 h in culture in the case
of GSK-3� null MEFs) were lysed, and the lysates were soni-
cated for 10 min in the benchtop Elma TranSonic T310 water-
bath sonicator. Dot blots of lysates were carried out with three
dilutions of each, followed by immunoblotting with the anti-
IGF-1R antibody, and the input of lysate per immunoprecipita-
tion was adjusted accordingly. Protein G-agarose complexes

Regulation of IGF-1R Kinase Activity by GSK3�

AUGUST 10, 2012 • VOLUME 287 • NUMBER 33 JOURNAL OF BIOLOGICAL CHEMISTRY 28181



obtained from immunoprecipitations were washed in kinase
buffer (50mMHepes, pH 7.4, 10mMMgCl2, 10mMMnCl2) and
then resuspended in 25�l of a kinase reactionmixture contain-
ing ATP (0.03 mM final concentration), 2 �l of [�- 32P]ATP (5
�Ci/�l), and 2 mg/ml of poly(Glu,Tyr) (Sigma). Following a
20-min incubation period, samples (5�l) were removed to fresh
tubes containing 9�l of H2O and 35�l of 20mMEDTA, pH 7.4.
Triplicate samples were then transferred to glass microfiber
filters in 24-well plates and washed extensively with trichloro-
acetic acid (10%) containing 10mMNa2HPO4. Following a final
wash with 70% ethanol, the filters were dried, and 32P incorpo-
ration was measured in a scintillation counter (Beckman
Instruments).
Foci Formation, Cell Attachment, and Size—R� cells stably

transfectedwith pcDNA3 vector, IGF-1R,WT, or S1248Awere
plated on 6-well plates at a density of 400 cells per well in 6-well
plates in complete media. After 12 days cells were washed in
PBS and fixed in 96% ethanol and then stained with 0.05% crys-
tal violet, 20% ethanol before being extensively washed in dis-
tilled H2O. Foci were quantified by eye and also by using the
Odyssey infrared imaging system (LI-COR Biosciences, Cam-
bridge, UK). Cells were measured for attachment to uncoated
24-well tissue culture plates by plating at a density of 1 � 105

cells/well. Cells were fixed and stained using the samemethods
as used with plating efficiency at the indicated time points, and
representative images at 30 min were obtained using an
inverted microscope and MetaMorph software. For size mea-
surement cells were detached with trypsin/EDTA and analyzed
using the Countess automated cell counter from Invitrogen.
Migration Assays—Transwell assays were performed using

6.5-mm transwell filter inserts with 5.0 M inserts (Costar, Cam-
bridge, MA). Cells (at or near confluence) were trypsinized and
cultured in fresh media 18 h prior to each assay. The cells were
serum-starved for 4 h, harvested, washed twice, and then resus-
pended in serum-free DMEM. The lower wells of the Boyden
chamber apparatus were loaded with DMEM containing 10%
FBS, and 5 � 104 cells were added to each upper well. After 4 h
at 37 °C, the cells on the upper surface of the membrane were
removed by scraping so that only cells that had migrated
through the membrane remained. The membrane was then
fixed with methanol, stained with 0.1% crystal violet, and air-
dried. Cell counts were obtained by counting all cells, and the
averages of counts from five fields each from triplicate wells for
each test condition were calculated.
IGF-1R Internalization Assays—Cells were seeded on tissue

culture dishes at a density of 1 � 106 cells/10-cm plate for 24 h
(�80% confluent). Cells werewashedwith serum-freemedium,
starved for 4 h before stimulation with 10 ng/ml biotin-IGF-1,
and incubated at 37 °C as indicated to induce endocytosis of the
IGF-1R. Control cells were also incubated with biotin-IGF-1
but were incubated at 4 °C to prevent receptor internalization.
Cells were then washed with acid (0.2 M acetic acid, 0.5 MNaCl)
for 5min at 4 °C to remove unbound biotin-IGF-1, washedwith
ice-cold PBS, and lysed in Nonidet P-40 lysis buffer. Following
cell lysis, IGF-1R was immunoprecipitated using anti-IGF-1R,
resolved by 15% SDS-PAGE, and transferred to nitrocellulose.
IGF-1R was assessed for bound biotin-IGF-1 (visible at 8 kDa)

using an anti-streptavidin secondary antibody (Alexa Fluor-800
bound) and detected using the Odyssey infrared scanner.

RESULTS

Mutation of Ser-1248 Increases IGF-1R Tyrosine Kinase
Activity and Signaling Output—Previous work has demon-
strated a requirement for Tyr-1250/Tyr-1251 and Ser-1248 in
receptor function and association with the scaffolding protein
RACK1 (8, 11, 13, 14, 16, 20). To determine whether Ser-1248
phosphorylation is important for function of this domain in the
IGF-1R C terminus, we first compared the kinase activity of the
S1248A mutant expressed in R� cells with that of the WT
receptor and the Y1250F/Y1251F mutant in the presence and
absence of IGF-1 stimulation. The S1248A mutant displayed
5.3-fold increased in vitro kinase activity toward the exogenous
substrate poly(Glu,Tyr) compared with WT IGF-1R in the
absence of IGF-1 stimulation and 1.35-fold increased kinase
activity when stimulated with IGF-1 (Fig. 1A). In agreement
with previous results (8), the Y1250F/Y1251Fmutant exhibited
2-fold decreased poly(Glu,Tyr) phosphorylation compared
with WT IGF-1R from cells stimulated with IGF-1 (Fig. 1A).
Autophosphorylation of the IGF-1R was also increased in
S1248A compared with WT and the Y1250F/Y1251F mutant,
as indicated by increased phosphotyrosine content in Western
blots (Fig. 1B). Interestingly, in agreement with the in vitro
kinase activity (Fig. 1A), increased autophosphorylation of the
S1248A mutant was evident when cells were starved from
serum (Fig. 1B). Phosphorylation of Akt was also enhanced in
serum-starved cells expressing the S1248A mutant compared
with WT IGF-1R, both in the absence and presence of IGF-1
stimulation (Fig. 1C), whereas IGF-1-induced ERK phosphory-
lation was slightly increased. IGF-1-induced activation of the
mTOR pathway was strongly increased as indicated by phos-
phorylation of S6K1 and 4E-BP1 (Fig. 1, D and E). Taken
together, the data indicate that mutation of Ser-1248 increases
IGF-1R kinase activity and signaling output and suggest that
phosphorylation of Ser-1248 negatively regulates IGF-1R
kinase activity.
Enhanced Size, Growth, and Adherence of Cells Expressing

S1248A Mutant—We next investigated the phenotype of R�

cells expressing the S1248A mutant compared with WT IGF-
1R. R� cells stably expressing the S1248A IGF-1R exhibited
increased cell size compared with cells expressing WT IGF-1R
or vector (Fig. 2A). No difference in rates of growth in mono-
layer cell cultures was observed (data not shown), but cells
expressing S1248A cells exhibited an �2.5-fold increase in foci
formation in low density cultures relative to cells expressing
WT IGF-1R (Fig. 2B). Cells expressing S1248A also exhibited
an increased rate of adherence to tissue culture plates (Fig. 2C).
This was consistent with reduced migratory capacity in a Boy-
den chamber comparedwith those expressingWT IGF-1R (Fig.
2D). Overall, the data indicate that cells expressing the S1248A
IGF-1R mutant exhibit enhanced growth potential, which is
consistent with enhanced IGF-1R kinase activity and mTOR
signaling.
Serine Phosphorylation of IGF-1R C Terminus—We next

investigated whether Ser-1248 is phosphorylated under physi-
ological conditions in cells cultures in the presence or absence
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of serum or IGF-1. Because the full-length IGF-1R has multiple
phosphorylation sites throughout the cytoplasmic domain and,
given the large mass of the IGF-1R �-chain (95 kDa), it is not
possible to detect serine phosphorylation-induced mobility
shifts on one- or two-dimensional SDS-PAGE. Therefore, we
focused on those in the C terminus by using the MyCF expres-
sion construct, which encodes the entire C terminus (amino
acids 1229–1337) plus a myristoylation sequence at the N ter-
minus to promote membrane anchorage and a FLAG tag at the
C terminus (Fig. 3A) (18, 19). The MyCF protein expressed in
MCF-7 cells migrates as two bands in SDS-PAGE, one at the
predicted mass of 20 kDa and a slower migrating band that
we hypothesized represents a serine-phosphorylated form of
the peptide (Fig. 3B). Exposure of cell lysates to shrimp alkaline

phosphatase removed the slowermigrating species, confirming
that this is phosphorylated MyCF (Fig. 3B).
We next compared the migratory patterns of theMyCF pep-

tide extracted from cells that were serum-starved for 4 h (�) or
stimulated with IGF-1 (Fig. 3C). The slower migrating (phos-
phorylated) MyCF band was evident in cells that were serum-
starved for 4 h (Fig. 3C). The intensity of phosphorylatedMyCF
band was reduced when cells were stimulated with IGF-1. A
similar reduction in intensity of this upper band was also evi-
dent in cells stimulated with FBS (Fig. 3D).
We also used two-dimensional gel electrophoresis to analyze

migration of MyCF-expressing cell lysates derived from cells
cultured in the presence or absence of serum. MyCF was
detected by Western blotting at the pI of �4.6, as predicted by

FIGURE 1. Mutation of Ser-1248 increases IGF-1R tyrosine kinase activity and signaling. A, clones of R� cells stably expressing pcDNA3 empty vector
(Vector), pcDNA3 IGF-1R WT, or IGF-1R mutants Tyr-1250/Tyr-1251 and S1248A (R�/IGF-1R WT, R�/IGF-1R Y1250F/Y1251F, and R�/IGF-1R S1248A) were
serum-starved for 4 h (�) or stimulated with IGF-1 for 15 min (�). Immunoprecipitated (IP) IGF-1R was assessed for in vitro kinase activity toward poly(Glu,Tyr)
in the presence of [�-32P]ATP. Data from three independent experiments are presented as the fold change in kinase activity of IGF-1R immunoprecipitates
relative to control (immunoprecipitates from empty vector cells). Error bars reflect the standard deviation, **, p � 0.005, and *, p � 0.01, calculated by Student’s
t test. Levels of IGF-1R determined by immunoblotting with anti-IGF-1R antibody are indicated. B, R�/IGF-1R WT, R�/IGF-1R Y1250F/Y1251F, and R�/IGF-1R
S1248A cells were serum-starved for 4 h or maintained in serum. IGF-1R was immunoprecipitated and then immunoblotted for anti-phosphotyrosine content.
Blots were stripped and re-probed with anti-IGF-1R antibody. C, R�/IGF-1R WT, R�/IGF-1R Y1250F/Y1251F, and R�/IGF-1R S1248A cells were serum-starved for
4 h and then stimulated with IGF-1 for the indicated times. Cell lysates were immunoblotted with anti-IGF-1R, -phospho-Akt, -Akt, -phospho-ERK, and -ERK
antibodies. D and E, Western blots as described in C were probed with anti-phospho-p70 S6 kinase, -p70 S6 kinase, -phospho-4E-BP1, and -4E-BP1 antibodies.
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the on-line server Scansite 2.0 (36). As can be seen in Fig. 3E,
WTMyCF is represented as a number of species with different
pI values and mobility, and higher mobility species are present
in cells cultured in the absence of serum. These species are not
visible when these lysates are treated with shrimp alkaline
phosphatase (supplemental Fig. 1). This is consistent with
observations in one-dimensional SDS-PAGE (Fig. 3B) and the
conclusion that these spots represent phosphorylated species.

Overall, the data indicate that phosphorylation of the C termi-
nus and potentially Ser-1248 is more prevalent in serum-
starved conditions.
GSK-3� Phosphorylates Ser-1248 in Cells—We next investi-

gated candidate kinases that may phosphorylate Ser-1248.
GSK-3� is known to be active in serum-starved cells, is
inactivated by IGF-1 stimulation, and is therefore a candidate
negative regulatory kinase. The IGF-1R C-terminal region

FIGURE 2. Cells expressing S1248A mutant exhibit enhanced size, increased adherence, and increased growth compared with WT IGF-1R. A, R� cells
stably expressing WT or S1248A IGF-1R (R�/IGF-1R WT and R�/IGF-1R S1248A) were assessed for cell size using the Countess automated cell counter. Results
are expressed in �m and are representative of three separate experiments. Error bars reflect the standard deviation, **, p � 0.005 was calculated by Student’s
t test. B, foci formation assay in which control, R�/IGF-1R WT, and R�/IGF-1R S1248A cells were seeded in multiple wells of a 6-well plate at a density of 400
cells/well for 12 days, after which colonies were stained with crystal violet and counted. Results represent three separate experiments and are presented as fold
change in foci formation of IGF-1R-expressing cells compared with vector-transfected-R� cells (Control). *, p � 0.01 was calculated using Student’s t test.
Photographs of representative plates are shown in right panels. C, R�/IGF-1R WT and R�/IGF-1R S1248A were allowed to adhere to tissue culture plates in
complete media for the indicated time at which point they were fixed and stained with crystal violet to assess relative cell number. Data are representative of
three independent experiments; error bars represent the standard deviation between experiments. **, p � 0.005, and *, p � 0.01 were calculated using
Student’s t test. D, R� cells transiently transfected with empty vector, WT IGF-1R, or S1248A IGF-1R were seeded at 5 � 104 cells/chamber in Transwell chambers
and allowed to migrate toward FBS for 24 h. Cells on the upper surface of the membrane were removed, and the membrane was stained with crystal violet. Five
fields per membrane were counted. The data are representative of three separate experiments and are presented as the fold change in cell counts over
vector-transfected-R� cells (Control). *, p � 0.01 was calculated using Student’s t test.
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1248SFYYS1252 matches the proposed consensus site for
GSK-3� phosphorylation: (S/T)XXX(S/T), where the first Ser
or Thr is the target residue; X is any amino acid, and the C-ter-
minal Ser or Thr is the site of a priming phosphorylation, which
may occur prior toGSK-3�-mediated phosphorylation of some
substrates (37). Although not strictly required for every
GSK-3� substrate, the priming phosphorylation increases the
phosphorylation efficiency of GSK-3� by 100–1000-fold (38).
We first asked whether preincubation of cells with a GSK-3�

inhibitor would affect the migration of phosphorylated MyCF

species in two-dimensional gel electrophoresis. As can be seen
in Fig. 4A, MyCF is detected as a number of species some of
which represent phosphorylated species as determined in Fig.
3E. Interestingly, one of the species (Fig. 4A, indicated byarrow)
is absent in cell lysates expressing theMyCF S1248Amutant. In
cell lysates that were preincubated with the GSK-3� inhibitor
SB415286, the same phosphorylated species was reduced com-
pared with untreated WT MyCF cells. The observation that
GSK-3� inhibition reduces abundance of the sameMyCFphos-
phorylated species that is absent in resolution of the S1248A

FIGURE 3. Serine 1248 in IGF-1R C terminus is phosphorylated in cells. A, illustration depicting the MyCF peptide, which encodes the IGF-1R C terminus (C)
(residues 1229 –1337) with an N-terminal myristoylation (My), sequence, and C-terminal FLAG (F) tag. B, MCF-7 cells were transiently transfected with pcDNA3
(control) or pcDNA3 MyCF and cultured for 24 h in complete medium. Cell lysates, untreated or treated with shrimp alkaline phosphatase (SAP), were
immunoblotted with anti-IGF-1R antibody to detect the MyCF peptide. C, MCF-7 cells transiently transfected with pcDNA3 MyCF WT or pcDNA3 MyCF S1248A
were cultured in complete medium or serum-starved (�FBS) for 4 h prior to cell lysis. Lysates were immunoblotted with anti-IGF-1R, anti-phospho-ERK, or
anti-ERK antibodies. D, MCF-7 cells transiently transfected with pcDNA3 MyCF were serum-starved for 4 h and stimulated with IGF-1 for 15 min (� IGF-1). Cell
lysates were immunoblotted as in C. E, two-dimensional PAGE analysis of total cell lysates prepared from MCF-7 cells transiently transfected with pcDNA3 MyCF
WT cultured in the presence or absence of FBS.
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mutant indicates that GSK-3� phosphorylates the IGF-1R C
terminus on Ser-1248.
To further investigate whether Ser-1248 is a site for GSK-3�

phosphorylation in cells, we carried out in vitro kinase assays
with MyCF immunoprecipitates from HEK293T cells that had
been pre-exposed to the GSK-3� inhibitor or not. As described
previously for c-Abl and GSK-3� (39, 40), inhibition of the
kinase in vivo may enhance availability of substrate sites for
subsequent phosphorylation in vitro. As can be seen in Fig. 4B,
immunoprecipitated WT MyCF can be phosphorylated by
recombinant GSK-3� in vitro, and levels of [�-32P]ATP incor-
porationwere enhanced 1.6-fold in the presence of theGSK-3�

inhibitor. In contrast there is minimal phosphorylation of the
S1248Amutant, which includes several additional serines. This
indicates that Ser-1248 is required for GSK-3� phosphoryla-
tion of MyCF. The data also indicate that serine 1248 is phos-
phorylated at least on a portion of MyCF in cells.
To investigate whether GSK-3� phosphorylates the IGF-1R

C terminus in a mechanism that requires priming, we co-ex-
pressed GSK-3� mutants with the MyCF protein in MCF-7
cells and then assessed MyCF mobility in SDS-PAGE. GSK-3�
S9A is a constitutively active mutant, which cannot be phos-
phorylated on Ser-9 and thereby inactivated. GSK-3� R96A
is a dominant negative kinase that can only phosphorylate

FIGURE 4. Phosphorylation of Ser-1248 by GSK-3�. A, two-dimensional PAGE analysis of total cell lysates prepared from serum-starved MCF-7 cells tran-
siently transfected with pcDNA3 MyCF WT or pcDNA3 MyCF S1248A. Where indicated, cells expressing MyCF were pretreated with the GSK-3� inhibitor
SB415286 for 1 h prior to lysis. MyCF was detected by immunoblotting with anti-IGF-1R antibody. B, HEK 293T cells were transiently transfected with pcDNA3
encoding MyCF or MyCF/S1248A and where indicated were incubated with GSK-3� inhibitor SB415286 for 1 h prior to cell lysis. IGF-1R immunoprecipitates
were subsequently incubated in GSK-3� kinase buffer with active GSK-3� and [�-32P]ATP for 20 min at 30 °C before analysis by autoradiography. MyCF
expression levels were determined by immunoblotting with anti-IGF-1R antibody. Co, control. C, MCF-7 cells transfected with either pcDNA3 (control) or
pcDNA3 MyCF were co-transfected with pcDNA3 vectors encoding Myc-tagged GSK-3� R96A or GSK-3� S9A or empty vector (EV) for 48 h. Cell lysates were
immunoblotted with anti-IGF-1R (to detect MyCF), anti-GSK-3�, anti-�-catenin, and anti-ERK2 antibodies. Note: Myc-tagged GSK-3� proteins exhibit lower
mobility than endogenous GSK-3� protein.
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unprimed GSK-3� substrates such as Axin and Tau (38).
GSK-3� R96A can thus be used to distinguish whether or not a
GSK-3� substrate requires a priming phosphorylation. As can
be seen in Fig. 4C, the control MyCF protein migrates as two
species, and the upper one is indicative of phosphorylation (Fig.
3). However, when co-expressed with GSK-3� R96A, there is
reduced abundance of the upper migrating species, whereas
co-expression with S9A increases the abundance of the upper
species. This suggests that GSK-3� R96A acts in a dominant
negative fashion to reduceMyCF phosphorylation, which indi-
cates that the IGF-1R SFYYS motif is a primed substrate for
GSK-3�. Levels of �-catenin were assessed as a control for
GSK-3� function. GSK-3� S9A promotes degradation of
�-catenin, whereas overexpression of GSK-3� R96A promotes
accumulation of �-catenin. Overall, we conclude that Ser-1248
within the SFYYS motif is a site for GSK-3� phosphorylation.
Phosphorylation of Ser-1248 by GSK-3� Suppresses IGF-1R

Tyrosine Kinase Activity—The IGF-1R S1248Amutant exhibits
increased tyrosine kinase activity compared with WT IGF-1R
(Fig. 1). To directly test whether the enhanced kinase activity of
S1248A is due to loss of a GSK-3� phosphorylation site, we
pre-phosphorylated IGF-1R immunoprecipitates in vitro with
GSK-3�, and we then assessed tyrosine kinase activity toward
poly(Glu,Tyr). Preincubation of WT IGF-1R immunoprecipi-
tates with recombinant GSK-3� caused a 55% decrease in
IGF-1R kinase activity toward poly(Glu,Tyr) (Fig. 5). The
Y1250F/Y1251F mutant displayed inherently low kinase activ-

ity comparedwithwild type,whichwas unaffected by pre-phos-
phorylation with GSK-3�. IGF-1R S1248A kinase activity was
also unaffected by pre-phosphorylation with GSK-3�, which is
consistent with this serine being a site for GSK-3� phosphory-
lation. The tyrosine kinase activity of S1252A was comparable
with that of the S1248A, which further indicates that Ser-1252
acts as the priming site for GSK-3� phosphorylation of Ser-
1248. The requirement for priming can be overcome when
GSK-3� is abundant or saturating, whichwould account for the
observation that S1252A kinase activity was reduced by 65%
following GSK-3� phosphorylation.
Increased IGF-1R Kinase Activity, Cell Size, and IGF-1 Sig-

naling inGSK-3��/�Cells—Wenext askedwhether regulation
of IGF-1R by GSK-3� has more general physiological conse-
quences. To do this, we investigated IGF-1R activity in cells that
are deficient in GSK-3� expression. GSK-3��/� MEFs were
first assessed for IGF-1R tyrosine kinase activity, autophosphor-
ylation, and signaling responses. In vitro kinase assays with
equivalent amounts of immunoprecipitated IGF-1R demon-
strated significantly enhanced IGF-1R kinase activity in �/�
cells compared with WT controls (Fig. 6A). Autophosphoryla-
tion of the IGF-1R was also enhanced (Fig. 6B). Although
IGF-1R and AKT levels appeared to be significantly reduced in
GSK-3��/� cell extracts, IGF-1-induced phosphorylation of
AKT and Erk was increased in �/� cells compared with con-
trols (Fig. 6C). Activation of the mTOR pathway was also
increased (Fig. 6E), and this correlated with increased cell size
(Fig. 6D). Taken together, these data indicate that cells lacking
GSK-3� exhibit increased activation of the IGF-1R and its sig-
naling pathway. This supports the conclusion that GSK-3� reg-
ulation of the IGF-1R is a physiological event that has important
consequences for restraining cell growth.
Altered IGF-1R Expression and Internalization with S1248A

Mutation and GSK-3� Deficiency—GSK-3� activity has previ-
ously been associatedwith receptor internalization (41, 42), and
because GSK-3� null cells express lower IGF-1R levels, we
investigated IGF-1R internalization using biotin-IGF-1 uptake.
We first measured cell surface and total IGF-1R with the in cell
Westernmethod using amAb to label IGF-1R in permeabilized
(total) and nonpermeabilized (surface) cells. Although overall
expression of WT and S1248A was equivalent, S1248A exhib-
ited lower surface expression than WT IGF-1R (Fig. 7A). This
suggests altered recycling of IGF-1R. This was also evident in
GSK-3� null cells, which had overall lower IGF-1R expression
thanWT, but still exhibited even lower levels of IGF-1R expres-
sion at the cell surface thanWT cells (44% compared with 73%)
(Fig. 7B). It must be noted, however, that S1248A and GSK-3�
null cells cannot be directly compared because clones of R�

cells with equivalent levels of WT or S1248A were selected
following transfection.
IGF-1R internalization in S1248A cells was monitored using

biotinylated IGF-1 (Fig. 7C). S1248A cells internalized a lower
amount of IGF-1 than WT cells. Preincubation with the
GSK-3� inhibitor reduced biotin-IGF-1 internalization in WT
cells but did not affect S1248A cells (Fig. 7D). This, taken with
the observation that S1248A internalizes biotin-IGF-1 less effi-
ciently, suggests that phosphorylation of Ser-1248 by GSK-3�

FIGURE 5. GSK-3� phosphorylation of IGF-1R suppresses tyrosine kinase
activity. R� cells expressing pcDNA3 empty vector, IGF-1R WT, or the Tyr-
1250/Tyr-1251, S1248A, and S1252A mutants were assessed for in vitro kinase
activity toward poly(Glu,Tyr) in the presence of [�-32P]ATP. IGF-1R immuno-
precipitates were preincubated, where indicated, with recombinant GSK-3�
and 3 mM ATP (cold) for 30 min prior to addition of IGF-1R kinase reaction
components. Data from three independent experiments are presented as the
fold change in kinase activity of each IGF-1R immunoprecipitate over that of
immunoprecipitates from cells expressing empty vector (set at 1). Mean and
standard deviation are shown for kinase activity with no GSK-3� or preincu-
bated with recombinant GSK-3� (**, p � 0.005 was calculated using Student’s
t test). IGF-1R input levels were confirmed by immunoblotting equivalent
amounts of input fractions with anti-IGF-1R antibody (lower panel).
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facilitates recycling of the IGF-1R between the cytosol and cell
surface.
Model for Function of Ser-1248 in Phosphorylated and

Unphosphorylated States Supported by Kinase Activity of
S1248E and Kinase Domain Lys-1081 Mutants—We next
explored a structural basis for the mechanism of IGF-1R kinase
regulation by GSK-3� phosphorylation of the SFYYS motif in
the C-terminal tail. To do this, we examined crystal structures
of the IGF-1R kinase that, although C-terminally truncated
after amino acid 1256, encompass the SFYYS motif. These
include crystal structures with the kinase A-loop in various

states of phosphorylation (from unphosphorylated to fully
phosphorylated) and variously complexed with ATP mimetics,
inhibitors, and phospho-acceptor peptide substrates (7,
22–31). In these structures, the unphosphorylated SFYYSmotif
universally adopts a conformation tightly packed against heli-
ces �I and �E of the kinase C-lobe (Fig. 8A, Position-1). The
conformation is conserved in the cognate SFFHS region of the
IR kinase (43).
Presentation of the SFYYS motif is controlled substantially

by the formation of two strong hydrogen bonds fromAsp-1091
(�E) to the peptide backbone adjacent to Ser-1248 (Fig. 8B), and
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this results in a connection trajectory for the protein’s 81-
amino acid C-terminal extension that lies proximal to the posi-
tion occupied by Tyr(P)-131 when the A-loop adopts the active
conformation. Interestingly, Ser-1248 is not surface-exposed in
the unphosphorylated state but is trapped against helix �E (Fig.
8B); its phosphorylation must therefore involve unfolding of
themotif from the core kinase domain, and this may account in
part for the required priming phosphorylation on Ser-1252.
The latter is surface-exposed and lies proximal to the Glu-1254
side chain (Fig. 8B); charge opposition between Ser(P)-1252
and Glu-1254 will partially destabilize the crystallographically
observed SFYYS conformation andmay therefore assist unfold-
ing of the sequence and subsequent phosphorylation on Ser-

1248. Once phosphorylated, a second charge opposition
between Ser(P)-1248 and Asp-1091 will block a return to the
position-1 conformation (Fig. 8A, green) favored for the
unphosphorylated motif. Phosphorylation of Ser-1248 will
therefore result in a profound conformational change, and this
suggests that the SFYYS motif is a key linker region that con-
trols the presentation of the C terminus relative to the kinase
domain.
At present the post-phosphorylation conformation of the

SFYYS motif is unclear. An intriguing possibility is that Ser(P)-
1248 may target the side chain of Lys-1081 and thereby pro-
mote wrapping of the C-terminal extension around the core
kinase domain proximal to the kinase insert region (Fig. 8A,

FIGURE 7. IGF-1R trafficking is impaired in cells that express the S1248A mutant or are deficient in GSK-3�. A, R� cells expressing IGF-1R or IGF-1R/
S2148A were assayed for cell surface IGF-1R expression by in cell Western blot. Cells were fixed and either permeabilized (Total) or not (Surface). Surface IGF-1R
was detected with the �IR-3 antibody, and R� cells, which do not express IGF-1R, were used as a negative control. The lower panel depicts intensity of IGF-1R
expression relative to syto60 nuclear stain. Error bars reflect standard deviation in IGF-1R staining, normalized to syto-60, from three separate experiments.
**, p � 0.005 was calculated by Student’s t test; n.s., not significant. B, GSK-3� WT (�/�) and GSK-3�-null (�/�) MEF cells were assayed for cell surface IGF-1R
expression as in A. C, R�/IGF-1R WT- and R�/IGF-1R S1248A-expressing cells were stimulated with biotin-IGF-1 for the times indicated. The control sample was
incubated at 4 °C. IGF-1R was immunoprecipitated from cell lysates and detected on Western blots using streptavidin. D, R�/IGF-1R WT- and R�/IGF-1R
S1248A-expressing cells stimulated with biotin-IGF-1 for 20 min, and where indicated cells were pretreated with the GSK-3� inhibitor SB415286 for 1 h prior to
cell lysis. Immunoprecipitated IGF-1R was assessed for bound IGF-1 using streptavidin.
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Position-2, red), potentially targeting downstream acidic resi-
dues (1259EPEELD1264) to a basic surface near to the substrate-
binding site. The adoption of just such a trajectory is seen in the
crystal structure (PDB code 3GQL) of an FGFR1 kinase con-
struct, where a C-terminal aspartate docks to the cognate sur-
face (44). Such folding of theC-terminal region in IGF-1R could
feasibly exert a cis-autoinhibitory action by obstructing sub-
strate docking, thus accounting for the reduced kinase activity
associated with the phosphorylation of Ser-1248. Indeed, this
type of autoinhibitory action by the C-terminal sequence is
known to operate for Tie2, where a C-terminal trajectory sim-

ilar to the FGFR1-like position-2 folding (Fig. 8A, red) is also
observed in crystal structures (45, 46).
To test the concept that Ser(P)-1248may associate with Lys-

1081 and thereby facilitate an inhibitory interaction of the
C-terminal tail with the kinase domain, we assessed the in vitro
kinase activity of a phosphomimetic S1248E IGF-1R mutant
and also of K1081G and K1081E IGF-1Rmutants that would be
predicted not to associate with a phosphorylated serine. As can
be seen in Fig. 8C, the S1248E mutant exhibited decreased in
vitro kinase activity and autophosphorylation. In contrast, both
the K1081G and K1081E mutants exhibited increased in vitro

FIGURE 8. IGF-1R kinase domain models and IGF-1R mutants illustrate potential impact of Ser-1248 phosphorylation. A, IGF-1R kinase domain (PDB
code 1K3A) (7) is shown (gray ribbon) with the conformation of its unphosphorylated SFYYS motif indicated (Position-1, green ribbon). The unphosphorylated
Ser-1248 and phosphorylated A-loop Tyr-1131 residues are marked (green sphere and orange stick, respectively). The trajectory for connection of the 81-residue
C-terminal extension (absent in the crystallographic IGF-1R construct) lies proximal to Tyr(P)-1131. Charge opposition between Ser(P)-1248 and Asp-1091 will
drive conformational reorganization of the C-terminal linker region following phosphorylation of Ser-1248 by GSK-3�. The linker may refold around the kinase
domain as in position-2 (red ribbon), which is modeled on the corresponding region of the FGFR1 (PDB code 3GQL) (44), with Ser(P)-1248 (red sphere) favorably
engaging Lys-1081 and targeting downstream acidic residues (1259EPEELD1264) to a basic surface near the binding sites for substrate (blue surface) and
nucleotide (stick/orange sphere). Position-2 organization may confer an autoinhibitory function on the C terminus as established for the corresponding region
of Tie2 (45, 46). Alternatively, phosphorylation of Ser-1248 may lift the pSFYYS linker region from the surface of the kinase domain as in position-3 (violet ribbon),
where Ser(P)-1248 (violet sphere) and C-terminal residues may contribute to protein docking sites. The position-3 conformation is adopted by the C-terminal
region of the FGFR1 kinase (PDB code 3GQI), where the cognate residue (Tyr-766) to IGF-1R Ser-1248 is phosphorylated and serves as a binding site for PLC�
Src homology 2 (44). Position-2 and -3 conformations are indicative of feasible structural reorganization arising from Ser-1248 phosphorylation rather than
illustrative of definitively established post-phosphorylation conformations for IGF-1R. B, structural detail for the unphosphorylated SFYYS region highlighting
Ser-1252 and its proximity to Glu-1254. Charge opposition between these residues following priming phosphorylation on Ser-1252 may destabilize the SFYYS
conformation, assisting unfolding and subsequent phosphorylation of Ser-1248 by GSK-3�. C and D, immunoprecipitates of S1248E (C) and K1081G and
K1081E mutants (D) mutants transiently expressed in R� cells were incubated with poly(Glu,Tyr) in the presence of [�-32P]ATP and assessed for incorporated
radioactivity. Data from three independent experiments are presented as the fold change in kinase activity of IGF-1R immunoprecipitates compared with
immunoprecipitates from control (R�/vector) cells. Error bars reflect the standard deviation, ***, p � 0.001, and **, p � 0.005 were calculated using Student’s
t test. IGF-1R levels in each assay were determined by immunoblotting.
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kinase activity and autophosphorylation (Fig. 8D). These
results indicate that Ser(P)-1248 and Lys-1081 contribute to
regulation of IGF-1R kinase activity and support the hypothesis
that this may be mediated by folding of the C-terminal tail
around the substrate site as outlined above.
Alternative mechanisms by which the C-terminal region

might exert an autoinhibitory action are also conceivable, how-
ever, and in principle these could include mechanisms where
the C-terminal presentation regulated by phosphorylation of
Ser-1248 allows a trans-inhibitory action across protomers
within amultimeric receptor assembly. Thus, rather thanwrap-
ping tightly around the kinase core (Fig. 8A, Position-2), the
pSFYYS motif may lift from the surface as illustrated in posi-
tion-3 (Fig. 8A, violet), an arrangement that could also result in
exposure of themotif and/or downstream residues as a protein-
docking site (e.g. for RACK1, see above). Significantly, the cor-
responding region of the FGFR1 kinase responds in such a way
upon phosphorylation of the cognate residue (Tyr-766) to Ser-
1248, with the exposed phosphotyrosine and flanking residues
serving as a binding site for the PLC� Src homology 2 domain in
this instance (PDB code 3GQI) (44).
Although the post-phosphorylation conformation of the

pSFYYS motif has yet to be established, it is clear from analysis
of the available crystal structures that phosphorylation of Ser-
1248 must drive a profound structural transition in this key
linker region. In contrast, introduction of the S1248Amutation
is unlikely to significantly alter the structure from that observed
for the unphosphorylated SFYYS linker because the overall
package of interactions responsible for maintenance of its con-
formation, and especially the two hydrogen bonds from Asp-
1091, will be largely retained. The primary impact of S1248A
mutation is thus likely to be the loss of a phosphorylation site,
which acts as a switch for movement of the C-terminal linker
from the crystallographic Position-1 (Fig. 8A, green). S1248A
mutation is therefore likely to “lock” the linker region in Posi-
tion-1, blocking its conformational reorganization relative to
WT enzyme under conditions where phosphorylation is possi-
ble. This is consistent with our finding of enhanced kinase
activity with the S1248A mutant (Fig. 1A) in serum-starved
conditions and the effects of GSK-3� inhibition or deletion in
enhancing the kinase activity of WT IGF-1R.

DISCUSSION

Here, we demonstrate that serine phosphorylation of the
SFYYSmotif in the IGF-1RC terminus regulates IGF-1R kinase
activity. The overall findings are summarized as follows. In the
presence of IGF-1 stimulation, Ser-1248 is unphosphorylated,
and the C terminus is organized in amanner that favors IGF-1R
kinase activity. GSK-3�-mediated phosphorylation of Ser-1248
in the absence of IGF-1 stimulation suppresses IGF-1R activity
by promoting conformational reorganization of the C termi-
nus. This results in direct auto-inhibitory action of the C-ter-
minal region on the kinase or potentially indirect regulation
facilitated by protein docking. This regulatory mechanism
could prevent latent activation of the receptor in the absence of
ligand or while the receptor is trafficked within the cell.
These findings offer important new insights into regulation

of IGF-1R activation, shed light on many previous studies that

proposed a regulatory role for the IGF-1R C-terminal tail (13,
17–19, 47, 48), and show a role for serine phosphorylation in
this regulation (10). Our study is the first to demonstrate phos-
phorylation of the SFYYS motif in cells and to demonstrate the
consequences of this for kinase activity and signaling via the
PI3K-mTOR pathway for cell growth. The data also suggest a
mechanism by which naturally occurring mutations of the
IGF-1R C terminus and kinase domain could lead to enhanced
kinase activity with consequences for cell/organ growth as well
as for cancer.
Unlike most protein kinases, GSK-3� displays significant

activity in unstimulated cells, andmanyGSK-3� substrates (for
example glycogen synthase, IRS-1, �-catenin, and eIF2B) are
phosphorylated under these conditions (49, 50). Upon agonist
stimulation, several GSK-3� substrates become dephosphory-
lated (51, 52), and our findings suggest a similar mechanism for
the IGF-1R. Our observation of increased IGF-1R kinase activ-
ity and signaling output in GSK-3��/� cells strongly supports
this conclusion. The phenotypes of GSK-3��/� knock-out
mice have previously been linked to several de-regulated recep-
tor tyrosine kinase signaling pathways and transcription factors
(33, 53–55). However, the phenotypes are also consistent with
lack of IGF-1 receptor regulation, possibly by reduced phos-
phorylation of Ser-1248. GSK-3��/� knock-outmice die late in
embryonic development. This perinatal death has been attrib-
uted to heart failure caused by de-regulated proliferation of
cardiomyocyte progenitors leading to greatly thickened ven-
tricular walls (54). A critical role for IGF-1 signaling in heart
development and repair is now well established, and interest-
ingly, the over-growth phenotype of the Igf2R nullmouse is also
linked to defects in heart development (56). Thus, we propose
that GSK-3� regulation of IGF-1R signaling is critical during
embryonic development.
Although the S1248A mutant may enhance IGF-1R kinase

activity and signaling due to a decreased threshold for IGF-1-
induced activation because this mutant has its C-terminal
region locked in the “active” position, it could also affect recep-
tor trafficking. Indeed, we observed apparently lower expres-
sion levels of the IGF-1R in GSK-3��/� cells, lower cell surface
expression on both cells, and reduced efficiency of IGF-1
uptake in S1248A cells. GSK-3� has been shown to regulate
internalization of the �-amino-3-hydroxy-5-methyl-4-isoxa-
zole propionic acid receptor (41) and the N-methyl-D-aspartic
acid receptor (42), which interestingly contains a candidate
GSK-3� phosphorylation motif (SDRYS) in the NR2B subunit.
The crystallographic structures indicate that phosphoryla-

tion of Ser-1248 would lead to a profound change in conforma-
tion of the SFYYS motif and alter the organization of the C
terminus with respect to the kinase domain. The decreased
activity of the phosphomimetic S1248E mutant and increased
activity of Lys-1081 (the residue that Ser(P)-1248 is predicted to
target) mutants support this model. However, without crystal
structures that include the entire C-terminal tail, we can only
model this interaction.
In addition to the autoinhibitory mechanisms discussed

under “Results” (Fig. 8), another likely consequence of the con-
formational change is the exposure of protein docking site(s) on
the C terminus. The scaffolding protein RACK1 is an obvious
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candidate for docking upon phosphorylation of Ser-1248
because the S1248A mutant has reduced interaction with
RACK1 (20). Several signaling proteins associated with IGF-1
signaling that can constitutively associate with RACK1 (IRS-2
and Shp-2) are recruited to RACK1 in response to IGF-1 (IRS-1
and Shc) or are released from RACK1 in response to IGF-1
(PP2A and Src) (16, 20, 34, 57). Thus, RACK1 could participate
in regulating IGF-1R kinase activity and also facilitate PKC
recruitment to the IGF-1R (35). However, because RACK1
association with the IGF-1R is dependent on integrin ligation,
we conclude that this regulatory interaction occurs in the con-
text of integrin signaling.
Tyr-1250 and Tyr-1251 have been suggested to mediate sig-

naling responses that distinguish the IGF-1R from the IR,
where the cognate residues are Phe-1277 and His-1278. Ser-
1275 and Ser-1279 in the IR SFFHS motif occupy the same
relative positions as Ser-1248 and Ser-1252 in the IGF-1R
SFYYSmotif. Substitution of Phe-1277/His-1278 in the IR with
YY has been shown to endow the IR with enhanced anti-apo-
ptotic activity in 32D cells (9). However, substitution of both
tyrosines was required for this effect, suggesting a conforma-
tional component. The crystallographic structures indicate that
Tyr-1250/Tyr-1251 are exposed (Fig. 8B), suggesting they may
potentially be phosphorylated when Ser-1248 is unphosphory-
lated and the kinase is in an active configuration. The observa-
tion that pre-phosphorylation of the Y1250F/Y1251F mutant
with GSK-3� did not decrease its in vitro kinase activity sug-
gests that these tyrosines already contribute to the GSK-3�-
mediated effects on kinase regulation mediated by Ser-1248
phosphorylation. Although there is no evidence for phosphor-
ylation of Tyr-1250/Tyr-1251, we cannot rule out the possibil-
ity that phosphorylation of these residues could modulate the
effects of Ser-1248 phosphorylation on IGF-1R function.
In summary, we have provided a rational model for regula-

tion of IGF-1R kinase activation by phosphorylation of the
C-terminal tail and modulation of its phosphorylation on Ser-
1248 by GSK-3�. It will be of significant interest to determine
how this mechanism is controlled in different cells and how it
contributes to IGF-1R and potentially IR signaling.
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Note Added in Proof—An in-frame deletion of S1248 in the IGF-IR
has been identified as a somatic mutation in renal cell carcinoma
(58), and recapitulation of this mutation results in enhanced basal
MAPK and Akt signaling (59).
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