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ABSTRACT  Fibroblast cell lines were established from
mouse embryos homozygous for a targeted disruption of the
IgfIr gene, encoding the type 1 receptor for insulin-like growth
factor I (IGF-I) and from their wild-type littermates. The cells
from the wild-type embryos (W cells) grow in serum-free
medium supplemented with platelet-derived growth factor,
epidermal growth factor, and IGF-I, whereas the cells from
Igflr(—/-) embryos (R~ cells) do not, although they grow at
a reduced rate in 10% fetal calf serum. The simian virus 40
(SV40) large T antigen, expressed from a transfected plasmid,
can transform W cells, which form foci in monolayer cultures
and colonies in soft agar (anchorage-independent growth). In
contrast, the SV40 large tumor antigen, although normally
expressed from the transfected template, is unable to transform
R~ cells, which remain contact-inhibited and fail to grow in soft
agar. The transformed phenotype is restored if the R~ cells
carrying the SV40 large tumor antigen are stably transfected
with a plasmid expressing the human IGF-I receptor. These
results demonstrate that signaling via the IGF-I receptor is an
indispensable component of the SV40 transformation pathway.
This conclusion is further supported from the results of an-
tisense RNA experiments with tumor cell lines showing that
interference with the function of the IGF-I receptor has a
profound effect on anchorage-independent growth, even under
conditions that only modestly affect growth in monolayers.

Interaction of the insulin-like growth factor type I (IGF-I)
receptor (IGF-IR) with its ligands (IGF-I, IGF-II, and insulin
at supraphysiological concentrations) plays a pivotal role in
embryonal development (1) and in the proliferation of several
types of cells in culture (2-5). The simian virus 40 (SV40)
large tumor antigen (TAg) is one of the most effective
transforming agents of mouse cells in culture (6, 7), lowering
the growth factor requirements and inducing the ability to
grow in soft agar (6, 8-11). Recently, SV40 TAg was shown
to lower the growth-factor requirements of 3T3 cells and
abrogate the requirement for IGF-I by increasing expression
of endogenous IGF-I (12). These results were confirmed in
human fibroblasts immortalized by SV40 TAg (13). Thus,
whether the IGF-IR pathway is also involved in other pa-
rameters of transformation, beyond its ability of lowering
growth-factor requirements, is an interesting question. To
address this question directly, we have developed fibroblast-
like cell lines from mouse embryos homozygous for a tar-
geted null mutation of the IgfIr gene (1), designated R~ cells,
and then derived from R~ cells stable transfectants that
express SV40 TAg. Here we show that, in contrast to control
cell lines from littermate wild-type embryo fibroblasts, SV40
TAg cannot transform cells lacking a functional IGF-IR. This
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result shows that, in mouse embryo fibroblasts in culture,
function of the IGF-IR is a prerequisite for operation of the
SV40 TAg pathway.

MATERIALS AND METHODS

Cell Cultures. Mouse embryos were dissected from anes-
thetized females at day 18 of gestation and genotyped by
Southern analysis as described (1), using DNA prepared from
their tails. Wild-type and homozygous Igflr(—/—) mutant
littermates were used to establish primary cultures of em-
bryonic fibroblasts as described (14). Briefly, the embryos
were minced, and after treatment with trypsin for 15 min, the
cells of the resulting suspension were plated onto 100-mm
culture dishes and cultured in Dulbecco’s modified Eagle’s
medium (DMEM; GIBCO/BRL)/10% fetal bovine serum.
The cultures were maintained at subconfluent levels by
treating with trypsin every 3 days and reseeding at a density
of 1.5 x 103 cells per cm?2, following the same protocol used
to generate 3T3 cell lines (15). Primary cultures underwent
crisis after 2-4 weeks in culture. R~ cultures entered crisis
later than the wild-type cells due to the relatively slow
doubling rate.

T98G cells (16) are a human glioblastoma cell line that
produces large amounts of IGF-1. Two other cell lines were
generated from T98G cells, expressing, respectively, a sense
and an antisense RNA to the human IGF-IR RNA. Prepara-
tion of the expression plasmids is described elsewhere (D.
Ambrose, M. Resnicoff, D. Coppola, C.S., M. Miura, S.
Jameson, R.B., and R.R., unpublished work); the expressed
fragment is 309 bp long. C6 (17, 18) is a rat glioblastoma cell
line, already used extensively in several laboratories.

Plasmid Transfection. Cells were transfected as described
(12) with DNA of the following plasmid constructs: (i)
ptsAS8H (12), which contains both hygromycin-resistance
gene (hyg) and sequence encoding tsAS8, a temperature-
sensitive SV40 TAg (19); (ii) pSV2G (20), which contains
sequence encoding the wild-type SV40 TAg and which was
cotransfected with a plasmid containing the hygromycin
resistance gene (LHL4) (21); and (iii) Cvn-IGF-IR, which
contains both the neomycin-resistance gene (neo) and the
entire coding sequence of human IGF-IR cDNA, both under
the control of SV40 promoter (22, 23).

Primary cultures were extremely sensitive to hygromycin,
and selection was done at a drug concentration of 10 ug/ml.
Cell proliferation in anchorage-dependent conditions was
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-assayed by treating the cells with trypsin and counting in
triplicate every 24 hr, using a hemocytometer.

Immunostaining for TAg. Cells fixed in cold methanol were
incubated with a 1:10 dilution of anti-T Ag antibody (PAb 419;
Oncogene Science) and then stained with a 1:100 dilution of
a fluoresceinated goat antimouse IgG antibody (Oncogene
Science). Staining intensity was measured in arbitrary units
by computer analysis of photographic images of the stained
cells.

Soft-Agar Assay. Anchorage-independent growth was as-
sayed by scoring the number of colonies formed in 0.2%
agarose (with either a 1% or 0.4% agarose underlay). TAg-
transfected cells grew for 3 weeks, whereas glioblastoma cell
colonies were counted after 2 weeks, due to the higher growth
rate of these cells relative to TAg-transformed cells.

Cross-Linking of IGF-IR. Radioiodinated IGF-I was cross-
linked to the IGF-IR, as described (24) by using disuccini-
midyl suberate. After cross-linking, the proteins were re-
solved on an 8% polyacrylamide gel, and the dried gel was
exposed to x-ray film (Kodak X-Omat) for autoradiography.

IGF-IR Autophosphorylation. Receptor autophosphoryla-
tion was measured as described (23) by using an antibody to
the B subunit of the mouse IGF-IR, prepared by immuniza-
tion of rabbits against a 16-mer synthetic peptide (Glu-Leu-
Glu-Met-Glu-Leu-Glu-Met-Glu-Pro-Glu-Asn-Ile-Gly-Glu-
Leu) coupled to keyhole limpet hemocyanin. The cellular
extract was immunoprecipitated with the antibody to the
IGF-IR; the precipitated proteins were resolved on an 8%
polyacrylamide gel and electroblotted to nitrocellulose filters
for immunoblot analysis using an antiphosphotyrosine mono-
clonal antibody (Upstate Biotechnology), which was visual-
ized with the ECL system (Amersham).

Antisense Oligonucleotides. The antisense and sense oli-
godeoxynucleotides to the IGF-IR mRNA used for the col-
ony-formation assay of C6 cells have been described (23).
They correspond to the 18 bp following the ATG of the
IGF-IR cDNA. Antisense oligonucleotides were added to the
cells at seeding at a concentration of 80 ug/ml.

RESULTS

Characterization of Cultured Embryonic Cells. Cells from
wild-type and homozygous Igflr(—/—) mutant embryos were
established initially as primary cultures and subsequently as
postcrisis cell lines, which will be referred to as parental lines
W and R, respectively. These lines, derived by a protocol
used to generate 3T3 cells (15), have a fibroblast-like appear-
ance. In serum-free medium supplemented with platelet-
derived growth factor (PDGF) (5 ng/ml), epidermal growth
factor (20 ng/ml), and IGF-I (20 ng/ml), W cells grow well,
whereas R~ cells fail to increase in number. Growth of R~
.cells can be sustained in 10% serum, but their growth rate is
only 40-50% that of W cell controls (Table 1); growth of W
cells under the conditions of Table 1 is essentially the same
as that of BALB/c 3T3 cells.

Previously, indirect biochemical analysis showed that a
functional IGF-IR is absent from primary cultures of cells
isolated from day 14.5 Igflr(—/—) mutant embryos (1). To
confirm this result with a specific antibody and establish
unequivocally that R~ cells are completely devoid of IGF-IR,
we performed the following experiment. After incubation
with IGF-I for ligand-activated autophosphorylation of the
IGF-IR, R~ cells and control W cells were lysed, and a
polyclonal antibody against the 8 subunit of mouse IGF-IR
was added to immunoprecipitate any functional IGF-IR in the
lysate. The precipitated proteins were solubilized in the
presence of 2-mercaptoethanol, resolved electrophoretically,
and transferred to a nitrocellulose membrane. The B subunit
of IGF-IR, autophosphorylated in an IGF-I-dependent fash-
ion, was visualized by immunostaining with an antiphospho-
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Table 1. Growth of W and R~ cells in culture

Cell type Supplements Doublings, no.
W cells PDGF, EGF, IGF-I 1.5
10% serum 3.0
Serum-free medium 0
R- cells PDGF, EGF, IGF-I 0
10% serum 1.5
Serum-free medium 0

Cells were seeded at S x 103 cells per cm? in plastic dishes in
DMEM medium/10% fetal calf serum. After 24 hr, growth medium
was removed, cells were washed several times with Hanks’ solution,
and DMEM was added with the indicated supplements. Cells were
counted at 48 and 72 hr after changing to the indicated condition.
Number of doublings shown is that obtained at 72 hr. Repeated
experiments yielded similar results. EGF, epidermal growth factor.

tyrosine antibody (Upstate Biotechnology) and recognized
by size and by response to IGF-I. The apparent molecular
masses of @ and B subunits of IGF-IR, resolved electro-
phoretically after disulfide-bond reduction and denaturation,
are 135 kDa and 97 kDa, respectively. Fig. 1A shows that the
autophosphorylated 8 subunit (a 97-kDa species) was de-
tected, after IGF-I stimulation, in W cells (lane 2) but was not
detected in R~ cells (lane 4).

For confirmation, we looked for the presence of the a
subunit of IGF-IR in both cell types by cross-linking radio-
iodinated IGF-I to cell membranes, electrophoretic analysis,
and autoradiography (24). A labeled 135-kDa protein was
easily detectable in W cells; this signal could be eliminated by
inhibiting the radioiodinated ligand with a 1000-fold excess of
unlabeled IGF-I (Fig. 1B, lanes 1 and 2). In contrast, it was
not possible to detect a labeled protein species of this size in
R~ cells, even after significant autoradiogram overexposure
(Fig. 1B, lane 3).

Assays for Cell Transformation with SV40 TAg. Parental W
and R~ cells were transfected with DNA of the plasmid
construct ptsA58H (12), containing both a selectable marker,
the hygromycin-resistance gene (21), and the sequence en-
coding the temperature-sensitive SV40 TAg tsAS58 (19). Cells
expressing tsAS58 are transformed at the permissive temper-
ature of 34°C but revert to the untransformed phenotype at
the restrictive temperature of 39.6°C (12, 25-27). Because the

12 34

FiG.1. R~ cells do not express IGF-IR. (A) Autophosphorylation
of the IGF-IR in W and R~ mouse embryo cells. Procedure was the
same as described for human IGF-IR (23, 25), except that, for mouse
cells, we used an antibody to B subunit of mouse IGF-IR. Lanes: 1,
lysate from wild-type embryo cells, no IGF-I added; 2, same as lane
1 but 15 min after IGF-I (20 ng/ml) addition; 3, lysate from R~ cells,
no IGF-I added; 4, same as for lane 3 after IGF-I. (B) Cross-linking
of 125-labeled IGF-I to R~ and wild-type mouse embryo cells.
Cross-linking procedure was done as described. Lanes: 1, lysate
from wild-type embryo cells; 2, lysate from wild-type embryo cells
with unlabeled IGF-I at 500 ng/ml; 3, lysate from R~ cells. The
IGF-IR a subunit is 135 kDa in size.



Cell Biology: Sell et al.

selectable marker and TAg are expressed from the same
plasmid, all hygromycin-resistant clones derived were also
TAg positive. Thus, when selected W and R~ cells harboring
ptsAS8H were examined by immunofluorescence with an
antibody against TAg, both cell types exhibited approxi-
mately the same level of intensity in staining (45 = 0.9 and
43.7 = 0.7 arbitrary densitometric units, respectively; Fig. 2).
These transfected derivatives of parental W and R~ lines
were designated (tsA)W and (tsA)R™ cells.

The four types of cells [W, R™, (tsA)W, and (tsA)R~] were
plated and grown in DMEM/10% serum for 5 days, and then
cell numbers were determined to assess saturation densities
(Fig. 3). As expected from previous results (see above), the
ratio of R~ to W cell numbers was 0.53. However, growth
was differentially stimulated by SV40 TAg. The number of
(tsA) W cells was 2.7-fold higher than that of W cells, whereas
(tsA)R~ cells grew only 30% above saturation density of the
R~ parent. More importantly, the (tsA)W cells were overtly
transformed, as evidenced by the appearance of large foci,
whereas the (tsA)R™ cells continued to be contact-inhibited.
Identical results were obtained with several different TAg-
positive clones derived from the parental cell lines.

To assess further the presence or absence of a transformed
phenotype, we used soft-agar assays (9). Results of a typical
experiment are shown in Table 2 (variability between differ-
ent clones of the same cell type was negligible). As expected,
(tsA)W cells formed colonies in soft agar in numbers that
increased with the number of cells seeded, whereas only a
single small colony of 12 cells appeared with the highest
number of plated (tsA)R~ cells. The cells were maintained in
10% serum for >3 weeks, which is a more than adequate time
period for establishment of colonies in soft agar, even at
reduced growth rates. Therefore, the (tsA)R~ cells do not
have the potential to form colonies in soft agar.

FiG. 2. Expression of SV40 TAg in (tsA)W and (tsA)R~ cells.
Parental W and R~ cells were transfected with a plasmid containing
a selectable marker and the tsAS58 mutant of SV40 TAg. All selected
clones were T positive, and 100% of the cells expressed TAg, as
shown by immunostaining. (4) (tsA)W cells. (B) (tsA)R~ cells.
(x470.)

Proc. Natl. Acad. Sci. USA 90 (1993) 11219

20

1

Cell no x 10~ per cm?
o
J

1 2 3 4

FI1G. 3. Saturation densities of wild-type and mutant cells, either
parental or transfected with SV40 TAg. Cells were seeded at the
same concentration of 10 x 103 cells per cm? and grown in DMEM/
10% fetal calf serum. The ordinate indicates the number of cells 5
days after seeding. Bars: 1, R~ cells; 2, R~ cells stably transfected
with tsAS8 expression plasmid [(tsA) R~ cells)]; 3, wild-type embryo
cells, W cells; 4, W cells stably transfected with tsAS58 TAg, (tsA)W
cells. Small bars represent SDs of triplicate experiments.

To exclude the possibility that the temperature-sensitive
TAg somehow differs from wild-type antigen, additional lines
were derived from parental W and R~ cells by cotransfecting
two plasmids expressing wild-type SV40 TAg and the hygro-
mycin-resistance gene, respectively. After hygromycin se-
lection, cells positive for TAg expression were expanded into
clones that were assayed for colony formation in soft agar.
Again, in contrast with controls, the derivatives of R~ cells
could not form colonies (Table 2).

Although the described results were unequivocal and re-
producible, it could still be argued that our observations were
the indirect consequence of an irreversibly altered phenotype
of mutant cells that underwent crisis. Thus, an additional
experiment was done to show that the ability of SV40 TAg to
transform fibroblasts depends directly on the presence of

Table 2. Growth in soft agar of mouse embryo cells expressing
SV40 TAg

Seeding density,

Cell type no. X 10-3 Colonies, no.
(tsA)W 1 8
10 64
100 350
(tsA)R™ 1 0
10 0
100 1
wth)W 10 58
100 154
(WtTR™ 10 0
100 0
(tsA)R* 10 16
100 70

(tsA)W and-(tsA)R are, respectively, W and R~ cells expressing
tsAS8 TAg. The same embryo cells expressing wild-type TAg are
designated (wtT). (tsA)R cells are (tsA)R~ cells expressing a stably
transfected human IGF-IR cDNA. Parental cell lines W and R~ did
not grow in soft agar (data not shown). Cells were seeded at the
indicated densities, and colonies were counted after 25 days in
culture. Numbers are the averages of duplicate counts of a single
experiment. Several assays were done with reproducible results.
Several clones of (tsA) and (wtT) cells were also tested with similar
results. Although efficiency of colony formation varied slightly from
experiment to experiment (even in experiments with high efficiency
of colony formation), TAg-transfected R~ cells failed to produce
colonies (except for one colony in a single experiment).
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functional IGF-IR. This experiment was based on the obser-
vation that cells expressing IGF-IR constitutively can grow in
serum-free medium supplemented only with IGF-I or with
insulin at supraphysiological concentrations (23, 28). Thus,
we transfected one of the (tsA)R~ clones with a plasmid
(Cvn-IGF-IR) expressing the full-length coding sequence of
human Igflr cDNA and also the neomycin-resistance gene,
both under the control of the SV40 promoter (22). We
selected clones directly in serum-free medium supplemented
with insulin (20 ug/ml); under these conditions, only clones
constitutively expressing the IGF-IR can grow (23), and,
indeed, by autophosphorylation analysis these clones did
express IGF-IR at levels comparable to those of BALB/c 3T3
cells (data not shown). These clones could now efficiently
form colonies in soft agar (Table 2) without IGF-I addition.
Therefore, the endogenously produced TAg, which was
previously ineffective, realized its transforming potential
once the cells acquired constitutively expressed human IGF-
IR.

IGF-IR Requirement for Growth of Glioblastoma Cells in
Soft Agar. Previous indirect data, showing that NIH 3T3 cells
overexpressing IGF-IR grow in soft agar in the presence of
the ligand (29) and that the tumorigenicity of the rat glioblas-
toma C6 cell line is abrogated by antisense Igf-1 RNA (17, 18),
are consistent with our direct results obtained with mutant
cells lacking IGF-IR. The data with C6 cells, considered
together with ours, suggest that IGF-IR-mediated signaling of
IGF-I is an indispensable component for operation of a
transformation pathway. To show that this is, indeed, the
case and that our observations are not a specific feature of
embryonic mouse fibroblasts, we used an antisense RNA
strategy with C6 cells and also with cells of an additional
glioblastoma cell line, T98G (16), which grow well in 1%
serum.

T98G glioblastoma cells were transfected with appropriate
constructs to derive cell lines expressing either antisense or
(control) sense human Igflr RNA. Soft agar assays using
these derivatives showed that, in comparison with control
cells, the number of colonies formed by T98G cells express-
ing Igflr antisense RNA was reduced >60-fold (Table 3). In
an analogous experiment, we observed that C6 cell-colony
formation in soft agar was reduced 2-fold in the presence of
an antisense oligodeoxynucleotide-inhibiting Igflr mRNA
(Table 3). Interestingly, the growth of C6 cells in culture
dishes was not reduced >10% in the presence of the same
concentration of antisense oligodeoxynucleotides, whereas
the growth rate of T98G cells expressing antisense RNA was

Table 3. Growth in soft agar of glioblastoma cell lines treated by
antisense strategy to the IGF-IR

Seeding density,

Cell type no. x 10-3 Colonies, no.
T98G-sense 3 305
T98G-antisense 3 5
Cé6 3 280
C6-sense 3 230
Cé6-antisense 3 115

Cells were seeded at the indicated densities, and colonies were
counted after 14 days in culture. Both cell lines showed consistently
higher efficiency of colony formation than TAg-transfected mouse
embryo cells. T98G cells used are lines stably transfected with a heat
shock promoter construct that transcribes either a sense or antisense
transcript for the first 309 bp of IGF-IR. The T98G cells containing
antisense construct grew at 40-50% the rate of lines containing sense
construct. C6 cell line was treated with antisense oligonucleotide (80
ug/ml) to the IGF-IR known to reduce the IGF-IR level at the cell
surface (23). The sequence used corresponds to the first 18 bp after
the ATG initiation codon of IGF-IR cDNA. Addition of the antisense
oligonucleotide had little effect on anchorage-dependent growth of
these cells in 10% serum (data not shown).
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40% that of wild-type cells or cells expressing sense RNA.
These observations are consistent with results from R~ cells
and suggest that the transformation phenotype is more sen-
sitive to the abrogation or diminution of IGF-IR function than
the inhibition of growth.

DISCUSSION

Using a mutant cell background null for IGF-IR expression,
we have provided direct evidence that the transforming
potential of SV40 TAg depends on signaling via IGF-IR. This
conclusion can be firmly reached by considering together two
results: SV40 TAg was unable to transform (tsA) R~ cells, but
its transformation function was promptly re-established
when these cells were transfected with a plasmid expressing
human Igflr cDNA.

In contrast to most other known oncoproteins, SV40 TAg
is sufficient alone to transform a variety of cell types in
culture and in transgenic animals (30, 31). In this regard,
genetic analyses of SV40 TAg mutants have indicated that
SV40 TAg possesses at least three transforming domains with
variable, cell-type-dependent transformation potential (see
refs. 9 and 32-34 and references therein). However, speci-
ficity cannot be necessarily assigned to these domains. In-
stead, endogenous factors differentially expressed in partic-
ular cells might be variably complementing different SV40
TAg mutants for the multiple SV40 TAg functions related to
transformation. Furthermore, even when SV40 TAg is wild
type, its transforming potential might be influenced by the
cellular milieu. Thus, an important question pertains to the
generality of our observations. Although limited at present,
our data with mutant fibroblasts and also with glioblastoma
cell lines examined by an antisense RNA strategy suggest
that the significance of signaling via IGF-IR as a prerequisite
of SV40 TAg transforming potential is not restricted to a
unique cell type. Nevertheless, we do not expect that the
IGF-IR system could operate in all cell types because adult
hepatocytes and some cell lines from B-cell lymphomas, for
example, do not possess IGF-I-binding sites (3, 35).

At present, speculations attempting to mechanistically
explain the failure of SV40 TAg to transform fibroblasts
lacking IGF-IR function are unwarranted, despite several
interesting correlations that can be related to this phenome-
non. For example, IGF-IR overexpression results in trans-
formation (29); IGF-IR is constitutively phosphorylated in
cells transformed by the src oncogene (36); IGF-I signaling
via IGF-IR regulates the level of cdc2 mRNA (37), whereas
cdc2 is apparently involved in the phosphorylation of both
SV40 TAg (38) and the retinoblastoma gene product (39);
SV40 TAg is a strong inducer of IGF-I and Igflr mRNA (12,
13); and the retinoblastoma gene product stimulates tran-
scription from one of the Igf-2 gene promoters (40), whereas
Wilms tumor suppressor protein (WT1) has suppressing
activity both for this promoter (41) and the promoter of the
Igflr gene (42). However, this fragmented information does
not yet cohere. It is important to recognize that complex
networks of interactions are undoubtedly involved in the
regulatory cascades resulting in transformation. Thus, per-
turbation of different pathways could lead to a transformed
phenotype. For example, the ES transforming protein of
bovine papilloma virus, which binds to the PDGF receptor
and activates it constitutively (43), cannot transform mam-
mary epithelial cells lacking PDGF receptors (44). This
phenomenon and other observations, including the case that
we have studied, point to common elements between cell
growth and cell transformation. Interestingly, despite this
strong relationship, our results allow us to discriminate
between transformation and mitogenesis.

Signaling via the IGF-IR is not a sine qua non requirement
for the cell cycle to occur. In fact, our results with R~ cells
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grown in 10% serum indicate that a distinct mitogenic path-
way exists, in which the IGF system does not participate
because an unknown ‘‘growth factor,” of extremely low
serum concentration, can sustain proliferation. We suggest
an ‘“‘unknown’’ growth factor, because several known growth
factors (including insulin, IGF-II, fibroblastic growth factor,
transforming growth factor 8, and others) were tested; none
of them promoted growth of R~ cells (data not shown).
However, even in 10% serum the cell cycle is retarded
without IGF-IR (see Table 1). Thus, the IGF system is
indispensable for maintaining the cell cycle at a normal rate.
At the same time, the IGF-IR pathway, but not the alternative
mitogenic process, is also involved in the SV40 TAg trans-
formation network that is not affected by serum concentra-
tion. The implication is that growth and transformation can
be separated at the molecular level.

Although assessment of the relationship between transfor-
mation and the processes related to cell-cycle rate is cur-
rently difficult, some interesting clues exist. Cultured fibro-
blasts that are competent to progress to S phase after
exposure to growth factors, such as PDGF, pass through two
control points in G;, V and R (restriction). Cells are arrested
in V stage, if not provided with essential amino acids,
whereas after R stage they are committed to enter the S
phase, regardless of environmental signals. Importantly,
after V stage, no other growth factor except IGF-I is required
for progression to R stage (45). Whether the responses
elicited by the IGF-I/IGF-IR signaling events during this
period and their orderly timing also relate to transformation
and are relevant to known pathways remains to be seen.
Involvement of the IGF system in growth and transformation
opens the question of the potential participation of the IGF
system in tumorigenesis. Despite a plethora of circumstantial
evidence from a variety of tumors (46, 47), this possibility has
yet to be examined critically in animal models. In view of our
results, such investigation is now timely, especially because
of the exciting prospect that interference with the IGF-IR
autocrine loop could lead to clinical applications (17, 18).
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