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Insulin-like growth factor I activates insulin receptor sub-
strate 1 and Ras in human osteosarcoma cells
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Insulin-like growth factor I (IGF-I) stimulates multiplication of the human osteosar-
coma cell line, MG-83, by acting through IGF-I receptor. We have characterized IGF-I
stimulaied phosphorylation of IRS-1, activation of Ras cycle and phosphorylation of
c-Jun in this cell line. Serum starved MG-63 cells were (1) IGF-I stimulated and
lysates were immunoprecipitated with polyvclonal IRS-1 antibody or (2) metabolically
labeled with [aﬂPhrthuphosphnric acid and then cells were treated with IGF-I. Cell
Iysates were immunoprecipitated with p21Ras antibody (Y13-259) and bound nu-
cleotides were analysed by thinlayver chromatography. We demonstrated tyrosine
phosphorylation of TRS-1/2 immunoprecipitated from MG-63 cells stimulated with
IGF-I. We also showed an increased level of GTP in p21Ras immunoprecipitates
from IGF-I treated cells. Nuclear extracts prepared from 32p Jaheled cells before and
after addition of IGF-I were immunoprecipitated with c~Jun antibody. After electro-
phoresis and autoradiography, phosphorylation of the c~Jun band was seen to be
IGF-I independent. Phosphoamino acid analysis of the c~Jun band showed that phos-
phoserine was the major species.

Insulin-like growth factor I and II (IGF-,
IGF-II) action has been implicated in the
pathogenesis of many different malignances,
including breast and prostate cancers [1, 2].
There is a substantial evidence suggesting
that insulin-like growth factor I receptor (1GF-

IR) plays a prominent role in cellular trans-
formation, mitogenesis, and the inhibition of
apoptosis [3].

The human osteosarcoma cell line, MG-63,
has characteristics which make it particularly
attractive for the study of growth promoting
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action of IGF-I [4]. MG-63 cells multiply in se-
rum free medium with IGF-I as the only
growth factor; in the absence of IGF-I, growth
is minimal. [E'H]Th},rmidir.e incorporation into
DNA in MG-63 cells in response to IGF is al-
most the same as in the presence of medium
containing 10% fetal calf serum (FCS).
Growth stimulation by IGF-I is mediated by
the IGF-I receptor since the monoclonal anti-
body ctIR-3 blocks IGF-I stimulated cell prolif-
eration and DNA synthesis [5, 6].

The IGF-I receptor belongs to an expanding
family of growth factor receptors the common
feature of which is a tyrosine kinase domain
in the cytoplasmic portion of the receptor [7].
The tyrosine kinase function of the IGF-I re-
ceptor has been shown to be vital for trans-
mission of the growth responses to the ligand.
Binding of IGF-I to the receptor leads to auto-
phosphorylation of §-subunit of the receptor
and to activation of the receptor as a tyrosine
kinase [8]. Activation of the receptor tyrosine
kinase by IGF-I results in phosphorylation on
tyrosine residues of second messengers lead-
ing to a cascade of phosphorylations which
produce the various biologic responses [9].
Several phosphoproteins have been detected
following exposure of intact cells to IGF-I.
One of these, insulin receptor substrate 1
(IRS-1), a member of the IRS-protein family,
is a hydrophilic 131-kDa protein, which mi-
grates with a size between 170 kDa and 185
kDa in denaturating polyacrylamide gels [10].
Tyrosine phosphorylated IRS-1 activates type
I phosphatidylinositol 3-kinase by binding to
SH2 domains in the 85-kDa subunit of the en-
zyme [11]. Thus, IRS-1 functions as an intra-
cellular regulatory protein that transduces
the IGF-IR signal by modulating the activity
of certain cellular enzymes. For example, Ras
signal transduction pathways link activation
of IGF-I receptor tyrosine kinase to changes
in gene expression. This pathway proceeds
from the membrane-bound GDP/GTP-
binding protein Ras, through the sequential
activation of the cytoplasmic serine-threonine
kinases Raf, MEK, and ERK, and leads to spe-

cific gene expression in the nucleus [12]. An
obvious role for the ERK signaling cascade is
in regulating cell growth and differentiation.
In this capacity these ERKs translocate to the
nucleus after activation, where they phospho-
rylate/regulate a number of transcriptional
factors including Elk-1 and ATF-2 [13]. An-
other class of MAP kinase family members,
the stress activated c-Jun N-terminal kinases
(JNKs), are primarily responsive to stress
stimuli. JNK activation induces the phospho-
rylation of transcriptional factors c-Jun and
also Elk-1, and ATF-2 [14, 15]. In contrast to
the ERK pathway, Ras activation alone stimu-
lates only a low level of JNK activity [16]. Be-
cause of crosstalk between MAP kinases,
some findings suggest that IGF-I interferes
with JNK activation [17].

Recently, we characterized IGF-1 stimulated
phosphorylation of the [GF-I receptor in the
MG-63 cell line [18]. Also, we characterized
the IGF-I dependent activation of ERK1 and
ERK2 [19] and SHC phosphorylation (in
preparation) in MG-63 cells. In the present
study we investigated more molecular mark-
ers including IRS-1, Ras, and ¢-Jun that corre-
late with growth stimulation by IGF-I.

MATERIALS AND METHODS

Cell culture. MG-63 cells were obtained
from American Type Culture Collection and
grown to confluency in 100 mm tissue culture
dishes in Dulbecco's minimal essential Eagle's
medium supplemented with 10% fetal calf se-
rum, 100 U/ml penicillin and 100 ug/ml
streptomyein. Then monolayers were incu-
bated for an additional 72 h in serum-{ree
MCDB 104 (Biofluids, Inec.) to achieve growth
arrest. On the day of experiment medium was
removed and IGF-I (100 ng/ml) was added.
After different time of the incubation as de-
scribed in figure legends, cells were solubi-
lized in 1% Triton X-100, 20 mM Tris/acetate,
pH 7.0, 0.27 M sucrose, 1 mM EDTA, 1 mM
EGTA, 50 nM NaF, 5 mM sodium pyrophos-
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phate, 100 uM sodium orthovanadate, 1 mM
sodium fS-glycerophosphate, 1 mM benzamid-
ine, 4 ug/ml leupeptin, 0.1% (v/v) mercapto-
ethanol. The cell lysates were preincubated
with Sepharose-Protein A, and then immuno-
precipitated with IRS-1 polyclonal antibody
(pre-C-terminus, Upstate Biotechnology, Inc.)

After immunoprecipitation, the pellet was
dissolved in Laemmli SDS sample buffer [20],
and samples were analysed by polyacrylamide
gel electrophoresis (4-15% minigel Bio-Rad
system) and transferred to nitrocellulose
(0.45 pm). The blot was incubated with mono-
clonal phosphotyrosine antibody followed by
incubation with ECL detection kit reagents.

Metabolic labeling of cells with
[*2P]H3PO4 and p21 Ras activity deter-
mination. A previously described method
[18] was used with modification. Briefly, for
radiolabeling, cells were incubated in medium
containing 0.1 mCi/ml [*2PJorthophosphoric
acid (B500-9120 Ci/mmol) for 2.5 h. After
IGF1 addition the cells were immediately
washed and lysed in buffer containing 50 mM
Tris/HCI (pH 8.0), 20 mM MgCly, 150 mM
NaCl, 0.5% Nonidet P40, 1 mM phenylmeth-
ylsulphonyl fluoride (PMSF) (Sigma), 20
ug/ml aprotinin [18]. The lysate was used for
immunoprecipitation with monoclonal Ras
antibody Y13-259 (Oncogene Science). Bound
nucleotides were eluted from the immunopre-
cipitates and analysed by ascending thin-layer
chromatography (TLC) on polyethyleneimine-
cellulose and autoradiography.

Analysis of c~Jun phosphorylation. Me-
tabolically labeled cells were also frozen in lig-
uid nitrogen immediately after IGF-I stimula-
tion for the analysis of c-Jun phosphorylation.
Frozen cells were transferred to Eppendorff
tubes and solubilized in 1% Nonidet P40, 50
mM Hepes (pH 7.4), 30 mM sodium pyrophos-
phate, 100 mM sodium fluoride, 5 mM EDTA,
1 mM sodium orthovanadate, 1 mM PMSF
and 10 mM sodium benzoyll-arginine ethyl
ester (BAEE) (Sigma). The cell lysates were
centrifuged in a microcentrifuge at 14000
r.p.m., at 4°C for 30 min. Solubilization buffer

containing 2% SDS was added to each pellet,
and after solubilization of the pellet the con-
centration of SDS was decreased to 0.1% by
addition of solubilization buffer alone. To re-
duce nonspecific binding, samples were prein-
cubated for 30 min at 4°C with Pansorbin
(Calbiochem), at dilution 1:30. Pansorbin was
then removed by centrifugation. Super-
natants were incubated overnight at 4°C with
10 ug/ml of polyclonal c-Jun/AP-1 antibody
(Oncogene Science). Then Pansorbin was
added (1:30 dilution). Immune complexes
were washed four times with solubilization
buffer and dissociated by boiling for 3 min in
Laemmli sample buffer. The samples were
electrophoresed on a 10% polyacrylamide gel.
For phosphoamino acid analysis, immuno-
precipitated 32pJabeled cJun was eluted
from gel slices, digested with trypsin, sub-
jected to acid hydrolysis in 6 M HCI at 110°C
for 1 h, and phosphoamino acids were sepa-
rated by thinlayer electrophoresis [22].

RESULTS

It was possible to demonstrate tyrosine
phosphorylation of IRS-1 immunoprecipi-
tated from MG-63 cells stimulated by IGF-L.
Figure 1 shows immunoblots probed with
phosphotyrosine antibody which indicated
that IRS-1 (approx. 180 kDa) and probably co-
immunoprecipitated IRS-2 (approx. 190 kDa)
were tyrosine phosphorylated after 30 s
stimulation by IGF-I. The level of phosphoty-
rosine increased after 1 min and stayed un-
changed for another 4 min. This experiment
shows that IRS-1 is rapidly phosphorylated af-
ter IGF-I stimulation in MG-63 cells.

The process of IGF-Iinduced p21Ras-GTP
formation involves the binding Grb2 to tyro-
sine phosphorylated IRS-1 and/or She pro-
tein. To determine that Ras is activated after
addition of IGF-I to MG-63 cells p21Ras was
immunoprecipitated from 32plabeled cell
lysates, and the guanine nucleotide status
was determined by thinlayer chromatogra-
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Figure 1. Tyrosine phosphorylation of TRS-1 in
MG-63 cells stimulated with IGF-I.

Cells were incubated in absence or presence of IGF-I
(for 1/2, 1, 2, and 5 min) and then were lysed and im-
munoprecipitated with polyclonal IRS-1 antibody. Im-
munoprecipitates were resolved by SDS/PAGE (4-15%
gradient mini-gel), transferred to nitrocellulose, and
immunoblotted with monoclonal tyrosine antibody. Mi-
gration of IRS-1 (180 kDa) and probably IRS-2
(190 kDa) according to molecular standards are in-
dicated. The last control lane (C) shows the results
of immunopreeipitation without MG-63 cell lysate.

phy, followed by autoradiography (Fig. 2). An
autoradiogram of a chromatogram shows in-
crease of p21Ras-GTP level induced by 1GF-1
in MG-63 cells.

To investigate whether c-Jun underwent
phosphorylation following addition of IGF-1
to MG-63 cells, we labeled cells with [*2Plor-
thophosphoric acid and analysed the nuclear
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extracts using immunoprecipitation with c-
Jun antibody. After electrophoresis and auto-
radiography, we observed that e-Jun is highly
phosphorylated in unstimulated cells (Fig.
3A). Addition of IGF-I for a different times to
the MG-63 cells does not change the phospho-
rylation level of c~Jun. Phosphoamino acid
analysis of the e-Jun at “zero” time suggests
that e-Jun under basal conditions is heavily
phosphorylated on serine residues and it is
unchanged during stimulation with 1GF-I
(Fig. 3B).

DISCUSSION

A goal in the study of the IGF-IR signal
transduction is to identify the patterns of sub-
cellular pathways that are activated by 1GFs.
IRS-1 and p21Ras are implicated in signaling
for IGF-I and insulin and some other growth
factors and cytokines as well. After discovery
of the first MAP kinase signaling pathway the
ERKs were identified as elements down-
stream of Ras capable to regulate cell growth
and differentiation [23]. In this capacity,
ERKs translocate to the nucleus after activa-
tion, where they phosphorylate and regulate a
number of transcription factors including
Elk-1 [13]). Previously, we observed increasing
amount of activated (phosphorylated) ERKs
in MG-63 cell lysates and nuclear extracts af-

Figure 2. p21Ras-GTP for-
mation in MG-63 cells.

Quiescent cells were metab-
olically labeled with [*“PIPi,
treated with 1GFI (100
ng/ml) and lysed. p21Ras
was collected by immunopre-
cipitalion, guanine nucleo-
tides bound to p21Ras were
eluted, separated by thin-
layer chromatography, and
visualized by autoradiogra-
phy. The positions of GDP
and GTP standards are indi-
cated.
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Figure 3. c-Jun Phosphorylation in MG-63 cells after addition of IGF-L

Serum-starved MG-63 cells were labeled with [azPlurthuphuaphm'ic acid and stimulated with IGF-I as described in
Methods and the legend of Fig. 2. Nuclear extracts were immunoprecipitated by e-Jun polyelonal antibody using
Pansorbin. Panel A, immune complexes were analysed by SDS/PAGE (10% gel) and autoradiography. Panel B, gel
slices containing c-Jun (Panel A) were treated with trypsin, acid hydrolyzed and phosphoamino acid analysed by
thin-layer electrophoresis. The cathode is at the top of the figure, Pi = [ Plphosphate, p-5 = phosphoserine, pT =

phosphothreonine, pY = phosphotyrosine.

ter incubation with IGF-1. This was demon-
strated by phosphotyrosine antibody Western
blotting which showed the appearance in the
nucleus of tyrosine phosphorylated 44/46
kDa bands which were IGF-I dependent [22].
In the present study we demonstrated the ty-
rosine phosphorylation of IRS-1 in the IGF-I
receptor signaling pathway in MG-63 cells.
IGF- rapidly stimulated IRS-1 (and probably
IRS-2) tyrosine phosphorylation at a physio-
logical dose (100 ng/ml) in MG-63 cells. Fur-
thermore, IGF-I treatment increased the
p21Ras-GTP level. IRS-1 contains 21 potential
tyrosine phosphorylation sites, but only 8
were identified as a phosphorylated by the in-
sulin receptor [24]. The phosphorylation sites
in TRS-1 serve a dual function by linking the
IGF- receptor to downstream signaling ele-
ment such as Ras, and ERKs. Firstly, IRS-1 is
a substrate for the IGF-I receptor after bind-
ing to phosphotyrosine 950 on the § subunit
[25]. Secondly, the phosphorylated IRS-1
binds specifically to proteins containing SH2
domains transmitting the signal through for
example Ras to the nucleus. Therefore, we

conclude that phosphorylated IRS-1 and
p21Ras-GTP might be a good molecular mark-
ers of IGF-I response in MG-63 cells.
Pulverer and collegues [26] provided evi-
dence that MAP kinases specifically phospho-
rylate c-Jun and that phosphorylation posi-
tively regulates the activity of c-Jun as a tran-
scription factor. Moreover, Oemar et al. [27]
observed increased phosphotyrosine level in
cJun after IGF-I stimulation in kidney me-
sangial cells derived from genetically diabetic
mice (db/db) as well as in the epidermoid car-
cinoma cell line CaSki. These results suggest
that the mechanism(s) responsible for c-Jun
activation may involve different signaling
pathways, which has been reported by others
to involve JNK-stress regulated kinase {13,
17]. Therefore, we asked whether c<Jun is
phosphorylated following treatment of MG-63
cells by IGF-1. However, we found that c-Jun
was phosphorylated on serine in unstimu-
lated cells, and we did not detect IGF-I de-
pendent tyrosine phosphorylation of cJun in
MG-63 cells. The mechanism for this diver-
gence is not understood, but may involve cell
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type-specific inhibition or simply lack of spe-
cific phosphatases or cellular kinases in osteo-
sarcoma cells which are involved in the tyro-
sine and/or threonine phosphorylation of ¢
Jun in normal cells.

Overall, the results presented here implicate
[RS-1/2 and p21Ras as signal transducing
molecules for IGF, possibly functioning as a
part of a kinase cascade linking growth factor
receptors to mitogenesis and other cell re-
sponses in human osteosarcoma cells. Obser-
vation of the presence of the constitutively
serine-phosphorylated c-Jun in the nucleus in
MG-63 cells is a topic for further investigation
in order to understand the signaling path-
ways in neoplastic cells.
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