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The insulin-like growth factor type I (IGF-I) receptor (IGF-IR), activated by its ligands IGF-I and IGF-II,
can initiate several signal transduction pathways that mediate suppression of apoptosis, proliferation, differ-
entiation, and transformation. Here we investigated the regulation of IGF-IR activation and function by
protein tyrosine phosphatase 1B (PTP-1B). Coexpression of PTP-1B with a 3-chain construct of the IGF-IR
(BWT) inhibited IGF-IR kinase activity in fission yeast Schizosaccharomyces pombe, in COS cells, and in
IGF-IR-deficient fibroblasts. In both spontaneously immortalized and simian virus 40 T antigen-transformed
embryonic fibroblast cell lines derived from PTP-1B knockout mice, IGF-I induced higher levels of IGF-IR
autophosphorylation and kinase activity than were induced in PTP-1B-expressing control cells. PTP-1B-
deficient cells exhibited enhanced IGF-I-mediated protection from apoptosis in response to serum withdrawal
or etoposide killing, as well as enhanced plating efficiency and IGF-I-mediated motility. Reexpression of
PTP-1B in spontaneously immortalized fibroblasts resulted in decreased IGF-IR and AKT activation, as well
as decreased protection from apoptosis and decreased motility. These findings demonstrate that PTP-1B can
regulate IGF-IR kinase activity and function and that loss of PTP-1B can enhance IGF-I-mediated cell survival,

growth, and motility in transformed cells.

The type I insulin-like growth factor (IGF-I) receptor (IGF-
IR) is a transmembrane tyrosine kinase receptor that is very
similar to the insulin receptor (IR) (51). These receptors are
derived from a common ancestral receptor, Daf-2, which is
expressed on cells of the nematode Caenorhabditis elegans (24).
An evolutionarily conserved signaling pathway that is activated
by the IR/IGF-IR via recruitment of the IR substrate (IRS)
proteins and that leads to activation of phosphatidylinositol
(PI) 3-kinase and AKT (3, 13) was recently shown to control
cell survival, stress responses, and life span in yeast, C. elegans,
and Drosophila melanogaster (9, 49, 58).

In mammalian cells both the IGF-IR and IR are widely
expressed, and while the IR has a well-documented role in
regulating glucose metabolism (23, 43), the IGF-IR is essential
for normal embryonic growth and development and mediates
signals for suppression of apoptosis, differentiation, and mito-
genesis (for reviews see references 1, 35, and 54). Both recep-
tors can recruit the IRS proteins and activate the PI 3-kinase/
AKT pathway (52). IGF-IR is permissive for the transformation
of cells by certain oncogenes and viruses (47), and circulating
IGF-I and IGF-II are also associated with the transformation
and progression of several types of cancer (59). Interestingly,
domains in the C terminus of the IGF-IR that are not con-
served in the IR are required for the antiapoptotic activity and
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transforming activity of the IGF-IR (36), which suggests that
the C terminus of the IGF-IR may have evolved to regulate
some of the events controlling cellular transformation.

A number of signaling pathways that mediate proliferation,
suppression of apoptosis, and transformation can be activated
by the IGF-IR. In addition to the PI 3-kinase/AKT pathway
(13), the IGF-IR can activate the mitogen-activated protein
kinase (MAPK) pathways (28), it can translocate c-Raf to the
mitochondria (47), and it can transiently activate c-Jun N-
terminal kinases (JNKs) (26).

By contrast, very little is known about the reciprocal dephos-
phorylation events that serve to terminate IGF-IR activation
and consequently control its downstream signaling pathways.
There is increasing evidence that regulation of growth and
survival signaling pathways by phosphatases (50) contributes
significantly to tumor growth and development. PTEN, which
regulates AKT activation by dephosphorylating the phospho-
lipid products of PI 3-kinase, is absent or mutated in advanced
stages of several cancers, and this is associated with enhanced
tumor cell survival and angiogenesis (12, 57). MKP-1, which
regulates MAPKSs, in particular JNK, has decreased expression
in advanced stages of esophageal, prostate, colon, and bladder
cancers (5, 6, 29). In addition, PTP-1B has been shown to
antagonize the transforming activity of the BCR-ADI protein in
cell lines (27).

Protein tyrosine phosphatase 1B (PTP-1B) and leukocyte
antigen-related protein are well-characterized regulators of IR
kinase activity and signaling (19, 46, 55, 60), and PTP-1B sub-
strate-trapping mutants have been shown to also interact with
the IGF-IR in vitro (22). However, regulation of IGF-IR ki-
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nase or its signaling pathways by either PTP-1B or other phos-
phatases has not been demonstrated in vivo. PTP-1B knockout
mice exhibited enhanced insulin sensitivity in certain tissues
and resistance to obesity (14, 25), but intriguingly they exhib-
ited no apparent defects associated with IGF-IR function, be-
ing of normal size and having no increased incidence of cancer.
This raises the possibility that PTP-1B does not regulate
IGF-IR activity in vivo during development or during the life-
times of these mice and that specific phosphatases might dif-
ferentially regulate the IR and the IGF-IR. Knowledge of
IGF-IR regulatory phosphatases is important because they
could potentially control cell survival and differentiation as
well as play a role in limiting cancer progression.

In an effort to identify regulators of IGF-IR kinase activity
and in particular to investigate the role of PTP-1B in IGF-IR
function, we first utilized the fission yeast Schizosaccharomyces
pombe as a model system (48) to identify IGF-IR regulatory
tyrosine phosphatases. Using this approach we found that the
IGF-IR B chain, expressed in S. pombe as an active kinase, is
inhibited by coexpression of PTP-1B. PTP-1B also inhibited
IGF-IR kinase activity in COS cells and fibroblasts. We then
examined the functional consequences of PTP-1B inhibition of
IGF-IR kinase activity in fibroblastic cell lines derived from
PTP-1B knockout mice. In response to IGF-I stimulation, cells
lacking PTP-1B had increased IGF-IR autophosphorylation
and kinase activity, enhanced protection from apoptosis,
greater plating efficiency, and enhanced motility compared
with control PTP-1B*/* cells. Reexpression of PTP-1B in the
knockout fibroblasts resulted in decreased IGF-IR autophos-
phorylation as well as AKT activation and also retarded IGF-
I-induced antiapoptotic activity and motility. These findings
demonstrate that PTP-1B can regulate IGF-IR kinase activity
and that lack of PTP-1B can augment IGF-IR function in
transformed cells.

MATERIALS AND METHODS

IGF-IR B-chain cloning and subcloning. IGF-IR B-chain expression plasmids
encoding the intracellular portion of the IGF-IR were constructed as follows.
The sequences encoding the N-termini of BWT and BKD were amplified from
the coding sequence for full-length wild-type IGF-IR and IGF-IR with the
K1003R mutation, respectively, by using oligonucleotide primers MyBxb (5'-C
GGCCTCGAGGATCCGCCACCATGGGGAGCAGCAAGAGCAAGCCCA
AGGACCCCAGCCAGCGCCGGCGCAGAAAGAGAAATAACAGCAGG),
which contains restriction sites for XAol and BamHI and which incorporates the
coding sequence for the first 16 amino acids of the Src myristoylation sequence,
and HIII rev (5'-CATCACAGAAGCTTCGTTGAG), which corresponds to the
region in the IGF-IR kinase domain containing a HindIII restriction site. The
PCR products were subcloned into pKSBH3-C (which contains the coding se-
quence for the wild-type IGF-IR B chain from the HindIII site to the stop codon
for the C terminus) via XholI-HindIII digestion and subsequent ligation to gen-
erate IGF-IR B-chain constructs BWT and BKD from pKS. The entire coding
sequences for BWT and BKD were then excised from pKS-BWT and pKS-BKD
by BamHI digestion and ligated into S. pombe expression vector pRSP. The
sequences of all DNA fragments amplified by PCR were confirmed by DNA
sequence analysis.

For BWT studies with mammalian cells BWT was subcloned into the pIRES
vector (Clontech, Basingstoke, Hampshire, United Kingdom). The coding se-
quence for human PTP-1B (hPTP-1B) was subcloned from pKS-hPTP-1B via
Sall-Notl digestion into S. pombe constitutive expression vector pADH to gen-
erate pADH PTP-1B. To study the effects of PTP-1B on BWT in mammalian
cells, coding sequences for wild-type PTP-1B and the D181A mutant were first
subcloned from pWZL-hPTP-1B-WT or pWZL-hPTP-1B-D181A into pKS via
BamHI-EcoRI and subsequently subcloned from the pKS vectors into pIRES via
NotI-EcoRI to generate pIRES-hPTP-1B-WT and pIRES-hPTP-1B-D181A.

REGULATION OF IGF-IR FUNCTION BY PTP-1B 1999

S. pombe expression system. S. pombe strain SP200 (his leul-32 ura4 ade6-210)
was used in these studies and was cultured as described by Moreno et al. (33).
Yeast cell transformation was performed by either the lithium acetate method
(37) or electroporation (42). Transformants were selected based on their ability
to grow on selective media, Leu™ and Ura™ for pRSP and pADH, respectively.
To induce expression of proteins under the control of the nmt promoter, trans-
formants were seeded in selective medium containing thiamine (5 pg/ml), grown
to mid-log phase, and then washed five times in thiamine-free medium, followed
by resuspension in medium with or without thiamine. Cultures were maintained
in log phase following induction and were harvested by centrifugation after 16,
20, or 24 h for lysis and Western blot analysis.

Preparation of yeast cell lysates. Cell pellets from S. pombe induction exper-
iments were washed once in ice-cold Tris-buffered saline (TBS) containing ty-
rosine phosphatase inhibitor Na;VO, (1 mM) and protease inhibitors phenyl-
methylsulfonyl fluoride (1 mM), pepstatin (1 wM), and aprotinin (1.5 pg/ml).
Cells were then resuspended in an appropriate volume of modified radioimmu-
noprecipitation assay (RIPA) buffer (10 mM sodium phosphate buffer [pH 7.0],
150 mM NaCl, 50 mM NaF, 0.1% sodium dodecyl sulfate [SDS], 1% Triton
X-100, 0.5% deoxycholate) plus the above inhibitors. Lysis was achieved by the
addition of glass beads (425 to 600 wm in diameter; Sigma-Aldrich Ireland Ltd.)
and rigorous agitation at 4°C for 2 h. Lysates were retrieved from the beads by
aspiration and a single washing with the starting volume of RIPA buffer and then
cleared of debris and unlysed cells by centrifugation at 2,700 X g for 2 min.

Cell lines. Wild-type (PTP-1B*/*) and knockout fibroblasts (PTP-1B~/") im-
mortalized by infection with the simian virus 40 (SV40) large T antigen were
previously described (11). These are referred to as T murine embryonic fibro-
blasts (MEFs). To distinguish the effects of the SV40 large T antigen, we also
generated spontaneously immortalized cell lines from primary PTP-1B wild-type
and knockout fibroblasts by continual passaging of the cells. These are referred
to as S MEFs. SR1 and SRS cells are clones of S MEFs that reexpress PTP-1B
(as described below). SR9 and SR10 cells are S MEF cells that serve as vector
controls for SR1 and SRS cells. All mammalian cell lines were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
(FCS) and 5 mg of penicillin-streptomycin/ml (all from BioWhittaker, Verviers,
Belgium).

Transfections and preparation of cell lysates. For coexpression of PTP-1B and
the IGF-IR B chain, COS cells and R™ cells were transiently transfected with
plasmids by using Lipofectamine Plus (Life Technologies). Cells were cultured
for 24 h and then lysed by scraping them into an appropriate volume of NP-40
lysis buffer consisting of 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, and 1% NP-40
plus the above inhibitors.

Stable transfectants of the 1S MEF PTP-1B~/~ cell line reexpressing PTP1B
were generated by infection with a retrovirus vector encoding murine PTP-1B
fused to the epitope tag Myc. Following infection the cells were subjected to
selection in medium containing hygromycin (75 pg/ml), and the resulting clones
were isolated following verification of PTP-1B expression. SR1 and SR5 clones
express PTP-1B, and SR9 and SR10 cells do not express PTP-1B.

Cells were serum starved for 6 to 8 h and were either stimulated with 100 ng
of IGF-I/ml for 15 min or left unstimulated. Cells were lysed by scraping them
into an appropriate volume of RIPA buffer (10 mM sodium phosphate buffer
[pH 7.2], 50 mM NaCl, 1% NP-40, 1% SDS, and 0.5% deoxycholate) plus the
above inhibitors.

For each of the mammalian cell lines crude lysates were incubated for 15 min
on ice and then cleared by centrifugation at 20,800 X g for 15 min. The protein
concentration in lysates was determined by a Bradford microassay (Bio-Rad
Laboratories GmbH, Munich, Germany).

Immunoprecipitations and IGF-IR kinase assays. Prior to immunoprecipita-
tion experiments, protein G-agarose beads were precoated with 1% (wt/vol)
bovine serum albumin in 1% TBS-Triton X-100. Precoated beads (10 pl) were
then added to 200 ug of total protein from stimulated or unstimulated PTP-
1B*/* or PTP-1B~/~ MEF cell lysates and incubated for 1 to 2 h with gentle
rocking at room temperature. The precleared lysates were retrieved from the
beads by centrifugation at 960 X g for 3 min and incubated with 2 pg of an
anti-IGF-IR-B antibody (Santa Cruz Biotechnology) overnight at 4°C with gentle
rocking. The protein G-immunoprecipitated complexes were pelleted by centrif-
ugation at 960 X g for 3 min at 4°C, washed three times in 500 .l of ice-cold
RIPA buffer, and then either used for kinase assays or boiled for 5 min in 15 pl
of 2X SDS-polyacrylamide gel electrophoresis (PAGE) sample buffer for West-
ern blot analysis.

For IGF-IR kinase assays the protein G complexes were washed in kinase
buffer (50 mM HEPES [pH 7.4], 10 mM MgCl,, 10 mM MnCl,) and then
resuspended in 25 pl of a kinase reaction mixture containing ATP (final con-
centration, 0.03 mM), 2 pl of [**P]ATP (5 uCi/pl), and 2 pl of poly(Glu-Tyr)
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(Sigma). Following a 20-min incubation period samples of the reaction mixture
(5 pl) were removed to new tubes containing 9 pl of H,O and 35 wl of 20 mM
EDTA, pH 7.4. Triplicate samples were then transferred to glass microfiber
filters in 24-well plates and washed extensively with ice-cold trichloroacetic acid
(10%) containing 10 mM Na,HPO,. Following a final wash with 70% ethanol,
the filters were dried and **P was measured with a scintillation counter (Beck-
man).

Western blot analysis. All protein samples for Western blot analysis were
resolved by 4 to 15% gradient SDS-PAGE. Following separation, proteins were
transferred to nitrocellulose membranes and blocked for 1 h at room tempera-
ture in 5% milk (wt/vol) in TBS containing 0.5% Tween-20 (TBS-T). Primary-
antibody incubations for phospho-specific antibodies were overnight at 4°C;
those for most other primary antibodies were for 1 h at room temperature.
Membranes were stripped by incubation in 62.5 mM Tris-Cl-1% SDS-0.7%
B-mercaptoethanol for 30 min at 50°C, followed by extensive washing in TBS-T.
Antiphosphotyrosine antibodies PY20 (Transduction Laboratories, Lexington,
Ky.) and 4G10 (Upstate Biotechnology, Lake Placid, N.Y.) were used for S.
pombe and mammalian-cell experiments, respectively. Expression of transfected
hPTP-1B was confirmed with anti-hPTP-1B antibody (FG6; CN Biosciences,
Nottingham, United Kingdom). Anti-phospho-AKT, anti-AKT, anti-phospho-
p42/44 MAPK, anti-phospho-JNK, anti-JNK, and anti-phospho-p38 antibodies
were all from Cell Signaling Technology (Beverly, Mass.). Anti-MAPK-2 and
anti-SHP-1 antibodies were from Upstate Biotechnology. The anti-mouse
PTP-1B (14) and anti-p130 Cas antibodies (4) have been described previously.
Secondary antibodies conjugated with horseradish peroxidase (DAKO,
Glostrup, Denmark) were used, and detection was by chemiluminescence (Super
Signal; Pierce, Rockford, Ill.) for S. pombe experiments or ECL+ (Amersham
Pharmacia Biotech, Little Chalfont, Buckinghamshire, United Kingdom) for
mammalian-cell experiments.

Assessment of plating efficiency of the different cell lines. Cells were seeded at
500 cells per well in 3 ml of Dulbecco’s modified Eagle’s medium-10% FCS in a
six-well plate. The plates were incubated for 12 days at 37°C in 5% CO,, after
which time the medium was removed and the resultant colonies were stained
with Giemsa stain.

Cell survival assays. Cells from each of the S MEF cell lines were plated in
medium supplemented with 10% FCS at 6 X 10* cells per well of a 24-well plate.
Twelve hours later the medium was replaced with serum-free medium alone or
serum-free medium containing either 100 nM IGF-I alone, 5 pM etoposide
alone, or both IGF-I and etoposide. The number of viable cells per well was
determined after 36 h as follows. Each well was washed with 1X phosphate-
buffered saline to remove dead cells and debris and then was coated with
trypsin-EDTA to detach viable cells. These cells were then transferred to an
Eppendorf tube and centrifuged at 960 X g for 3 min. The resulting cell pellets
were resuspended in 100 pl of medium. Viable cells were then counted by using
a hemocytometer and trypan blue exclusion. Each condition was tested in trip-
licate cultures, and duplicate samples from each culture were analyzed.

Monolayer wound repair to assess motilities of different cell lines. Cells were
seeded in multiple wells of 24-well plates at 4 X 10* to 6 X 10* cells per well and
grown to 85 to 95% confluence. The medium was then removed, and a wound
was scored in each well using a sterile 1-ml pipette tip. The cultures were
reincubated with medium as outlined in the text, and the movement of cells
across the wound was monitored by microscopic examination at regular intervals.
At the indicated time points cultures were stained with Giemsa dye and multiple
fields were photographed with a Nikon TE300 inverted microscope equipped
with a SPOT digital camera and a 10X magnification objective.

RESULTS

Coexpression of PTP1B with the IGF-IR  chain in yeast
and mammalian cells results in decreased IGF-IR kinase ac-
tivity. Analysis of the interactions of phosphatases with the IR
and IGF-IR in vivo are complicated by the many tyrosine
phosphorylation events taking place in a cell at any one time.
One way around this is to use simpler eukaryotic cellular mod-
els such as yeast. The fission yeast S. pombe is a good model
because it has homology with mammalian cells (61) but lacks
endogenous tyrosine kinase activity. Therefore, we explored
the use of the S. pombe as a host to investigate IGF-IR kinase
regulation by phosphatases. Initial studies demonstrated that
the B chain of the IGF-IR (BWT; residues 930 to 1337) could
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be expressed as an active tyrosine kinase in S. pombe (10). As
shown in Fig. 1B, upon withdrawal of thiamine from the me-
dium, BWT was expressed as an autophosphorylated protein at
an approximate molecular mass of 50 kDa and this was accom-
panied by extensive tyrosine phosphorylation of endogenous
yeast proteins. In contrast an IGF-IR B chain containing the
kinase inactivating mutation K1003R (BKD) induced no phos-
phorylation of endogenous yeast proteins when expressed at
similar levels (Fig. 1B). These data demonstrate that the
IGF-IR B chain exhibits tyrosine kinase activity in S. pombe.

We next investigated the regulation of IGF-IR tyrosine ki-
nase activity by PTP-1B, which was chosen as a candidate
because of its role in regulation of the IR and other receptor
tyrosine kinases (14, 19, 60). A cDNA encoding PTP-1B was
subcloned into yeast expression vector pADH. This was then
cotransformed with BWT into S. pombe cells. Proteins were
extracted from cells selected to express both plasmids at three
different time points and then analyzed for phosphotyrosine
content by immunoblotting. Results in Fig. 1C show that
PTP-1B caused a marked inhibition of WT autophosphory-
lation and a complete elimination of BWT-induced yeast pro-
tein phosphorylation. Immunoblotting with the anti-IGF-IR
B-chain antibody and the anti-PTP-1B antibody confirmed that
comparable levels of BWT protein expression were present in
the induced cultures (thiamine ) from both control and phos-
phatase-expressing cells and that levels of PTP-1B in the co-
transformed cultures were equal (Fig. 1C).

The possibility that PTP-1B directly regulates the IGF-IR as
well as the IR has potentially important implications for the
effects on cell survival of modulating PTP-1B activity. PTP-1B
has been shown to act directly on the tyrosine cluster in the IR
kinase domain, which is also conserved in the IGF-IR (44).
However, inhibition of IGF-IR kinase activity by PTP-1B has
not previously been demonstrated in mammalian cells, and
effects of PTP-1B overexpression on the IGF-IR are obscured
by comigrating phosphorylated bands at the same size as the
endogenous IGF-IR B chain (22). We were therefore inter-
ested in determining if the inhibition of the BWT protein by
PTP-1B that was observed in S. pombe would also be evident in
mammalian cells.

COS cells were transiently transfected with BWT or PTP-1B
or cotransfected with both proteins, and the cellular phospho-
tyrosine content was examined 24 h later by immunoblotting.
When expressed alone, the 50-kDa BWT was expressed as a
constitutively active tyrosine kinase in these cells, which re-
sulted in a considerable increase in tyrosine phosphorylation of
intracellular proteins (Fig. 2A). Overexpression of PTP-1B was
detected with an anti-human PTP-1B antibody, which also
detected endogenous PTP-1B levels in these cells (Fig. 2A).
PTP-1B overexpression alone resulted in a minimal decrease in
tyrosine phosphorylation of endogenous COS cell proteins,
and coexpression of PTP-1B with BWT significantly reduced
the intracellular tyrosine phosphorylation induced by expres-
sion of the BWT tyrosine kinase (Fig. 2A). This indicates that
PTP-1B can inhibit BWT autophosphorylation and tyrosine
kinase activity in mammalian cells. Coexpression of PTB-1B
with BWT in IGF-IR null (R™) fibroblasts also inhibited BWT
activity (Fig. 2B). This was specifically due to PTP-1B phos-
phatase activity, because the catalytically impaired PTP-1B
D181A mutant, as expected, did not alter BWT activity (Fig.
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2B). Altogether, these results demonstrate that PTP-1B signif-
icantly inhibits phosphorylation of cellular substrates by the
IGF-IR B-chain in both S. pombe cells and mammalian cells.

IGF-I-mediated activation of IGF-IR is increased in PTP-1B
knockout cells. PTP-1B is a known regulator of IR activity.
However, if PTP-1B also regulates IGF-IR tyrosine kinase
activity in vivo, as suggested by our data, it could influence
the functions associated with the IGF-IR such as suppres-
sion of apoptosis, proliferation, and differentiation. Cells
deficient in PTP-1B activity are predicted to have enhanced
IGF-IR function. To address this question we asked whether
IGF-IR function was altered in cells derived from PTP-1B
null mice.
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FIG. 1. Coexpression of PTPs with the BWT protein in S. pombe.
(A) Cytoplasmic region of the IGF-IR  chain (residues 930 to 1337)
used in this study, illustrated in the context of the full-length receptor.
(B) BWT or kinase-inactive mutant KD was transformed into S.
pombe cells as outlined in Materials and Methods. Protein expression
in the cultures was induced by thiamine withdrawal. After 24 h protein
extracts were prepared and separated by SDS-PAGE followed by
Western blot analysis with an antiphosphotyrosine (PY) antibody (top)
and then stripped and reprobed with an anti-IGF-IR antibody (bot-
tom). (C) S. pombe cells were cotransformed with plasmids pRSP-
BWT and either pADH (control) or pADH-PTP-1B and cultured in
the presence or absence of thiamine (protein induction). Protein ex-
tracts were prepared at the indicated time points and analyzed for
phosphotyrosine content and BWT expression by Western blotting, as
for panel A. Constitutive expression of PTP-1B was confirmed by
probing identical blots using the appropriate antibodies. A sample of
control culture lysate (*) was included as a negative control.

Fibroblasts derived from wild-type or PTP-1B~/~ mice were
immortalized by continuous passaging (S MEFs) or trans-
formed by infection with a retrovirus encoding SV40 T-antigen
(T MEFs) as previously described (11). Two clones of the S
MEF PTP-1B~/~ cells (1S7/~ and 2S™/7) and one of the
previously described T MEF '~ cells were first assessed for
their levels of endogenous IGF-IR and compared with their
PTP-1B*'" counterparts. As can be seen in immunoblots of
total-cell lysates (Fig. 3A), both the S and T MEF /™ cell lines
express levels of endogenous IGF-IR similar to that expressed
by PTP-1B*/* cells. The levels of IGF-IR are much lower (at
least 10- to 100-fold less) than levels of IGF-IR in R™ fibro-
blasts or MCF7 cells (not shown). Levels of PTP-1B in the S
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FIG. 2. Inhibition of IGF-IR B-chain tyrosine kinase activity by
wild-type (WT), but not catalytically impaired, PTP-1B in mammalian
cells. COS cells (A) or R fibroblasts (B) were transfected with either
the pIRES vector (as a control) or pIRES-BWT, pIRES-PTP-1B-WT,
or pIRES-PTP-1B-D181A, as indicated, and cells were cultured for
24 h. Cell lysates were prepared and analyzed by Western blotting for
phosphotyrosine (PY) content and expression of the BWT protein.
PTP-1B levels and actin levels are also shown.

and T MEF"/" cells are equivalent (Fig. 3A) and are, as we
previously reported for the T MEFs, approximately five times
higher in the cell lines than in primary fibroblasts derived from
these mice.

We next compared levels of tyrosine phosphorylation of the
IGF-IR in response to IGF-I stimulation in the PTP-1B~/~
cells and the PTP-1B™/™ cells. The IGF-IR protein was immu-
noprecipitated from cells that had been stimulated with IGF-I
for 15 min or left unstimulated, and the phosphorylation of the
receptor was assessed with antiphosphotyrosine immunoblots.
As shown in Fig. 3B, the level of IGF-I-induced tyrosine phos-
phorylation of the IGF-IR in all of the PTP-1B™/~ cells (both
S and T MEF cells) is consistently higher than that in the
PTP-1B™/* control cells. The relative increases were higher in
the SV40 T antigen-transformed cells than in the spontane-
ously immortalized cells, which suggests that the presence of
the T antigen could enhance IGF-IR phosphorylation in cells
that lack PTP-1B. To confirm that the increase in IGF-IR
autophosphorylation was associated with an increase in
IGF-IR kinase activity, activated IGF-IR from S MEF PTP-
1B*'* and PTP-1B ™/~ cells was assessed for its ability to phos-
phorylate the peptide substrate poly(Glu-Tyr) in in vitro kinase
assays. As can be seen in Fig. 3C, incorporation of *?P-labeled
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phosphate into the substrate is greatly enhanced in the S MEF
PTP-1B~/~ cells compared to that in the PTP-1B™/" cells.
Overall, these results indicate that in the absence of PTP-1B
there is diminished negative regulation of the IGF-IR kinase.
This suggests that PTP-1B negatively regulates the IGF-IR, at
least in cultured transformed cells.

PTP-1B knockout cells display increased plating efficiency.
As shown above, PTP-1B can negatively regulate IGF-IR ki-
nase activity and PTP-1B™/~ cells have enhanced IGF-IR ki-
nase activity. This suggests that lack of PTP-1B could have an
impact on IGF-IR function in different kinds of cells. We were
particularly interested to determine whether loss of PTP-1B
could enhance IGF-IR-mediated protection from apoptosis
and enhance its ability to support a transformed phenotype.
There is extensive evidence of a role for IGF-IR signaling in
cellular transformation, including the observations that IGF-IR
null cells are refractory to transformation by a series of onco-
genes (47) and that overexpression of the IGF-IR allows cells
to grow as colonies in soft agarose or to form foci when plated
at low cell density (47). Therefore, we next investigated
whether cells lacking PTP-1B had an increased capacity for
focus formation, suppression of apoptosis, and motility.

To investigate the relative plating efficiencies of PTP-1B~/~
cells, both the T MEF and S MEF PTP-1B~/~ cells lines were
compared to PTP-1B™/" matched control cell lines. Cells were
plated at low cell density and monitored for the formation of
foci over a period of 2 weeks. As shown in Fig. 4A, the T MEF
cell lines always produced higher colony numbers than the S
MEEF cell lines, indicating, as expected, that cells transformed
with the SV40 large T-antigen have enhanced plating effi-
ciency. The S MEF PTP-1B*/* cells had barely any detectable
colony formation when plated at low cell density. However, at
this same cell density, the plating efficiency of the S MEF
PTP-1B™/~ cells was significantly greater than that of their
PTP-1B™/™ counterparts, as was the plating efficiency of the T
MEF PTP-1B~/~ cells compared with that of the PTP-1B*/*
controls. The T MEF PTP-1B*/" cell lines had growth rates in
monolayer culture that were approximately two times faster
than their PTP-1B™/~ counterparts, and the 1S MEF PTP-
1B/~ cells grew slightly faster than the S MEF PTP-1B*'*
cells (Fig. 4B). This indicates that lack of PTP-1B enhances the
ability of immortalized or transformed fibroblasts to form foci
irrespective of the growth rate of the cells. The observation
that both the S and T MEF PTP-1B /= cells exhibited an
increase in plating efficiency suggests that loss of PTP-1B ac-
tivity contributes to the expression of a more transformed
phenotype in either the presence or absence of an active on-
cogene.

PTP-1B knockout cells are more sensitive to serum with-
drawal than PTP-1B-expressing cells and display increased
IGF-I-mediated protection from apoptosis. The above results
demonstrate that cells lacking PTP-1B activity have enhanced
IGF-IR kinase activity and better ability to form colonies at
low density than their PTP-1B-expressing counterparts. An-
other important aspect of IGF-IR function that we wanted to
investigate was IGF-I-mediated protection from apoptosis. For
these experiments we focused on the spontaneously immortal-
ized S MEF cells to rule out interference from antiapoptotic
signals coming from the SV40 T antigen.

Equal numbers of the S MEF cells were plated in medium
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FIG. 3. IGF-IR expression and activity in PTP-1B knockout cells. (A) To measure IGF-IR expression levels, PTP-1B™* and PTP-1B~/~ cells
were lysed in RIPA buffer and the protein was separated by SDS-PAGE followed by Western blotting with anti-mPTP-1B or anti-IGF-IR B
antibodies. Equal protein loading in the anti-IGF-IR 8 immunoblot was confirmed by reprobing with an antiactin antibody. (B) To assess IGF-IR
activation, MEFs from each cell line were serum starved for 6 h and then stimulated with IGF-I for 15 min or left unstimulated. Cell lysates were
prepared, and the IGF-IR B chain was immunoprecipitated (IP) from 200 g of total cellular protein per sample followed by Western blotting with
the antiphosphotyrosine antibody. The membrane was stripped and reprobed with the anti-IGF-IR antibody to confirm that comparable levels of
endogenous IGF-IR B chain were immunoprecipitated from each sample. WB, Western blotting; PY, phosphotyrosine. (C) To assess IGF-IR
kinase activity in S MEF PTP-1B*/* cells and S MEF PTP-1B /", the cells were stimulated with IGF-I and the IGF-IR was immunoprecipitated
as described for panel B and in vitro kinase assays were carried out as described in Materials and Methods. Poly(Glu-Tyr) was used as a substrate,
and incorporated [**P]JATP was measured following trichloroacetic acid precipitation of the peptides by scintillation counting. Data represent
counts per minute for triplicate samples from kinase reactions. Samples of the immunoprecipitates were assessed for IGF-IR content by Western
blotting with anti-IGF-IR antibodies (inset).
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FIG. 4. Plating efficiency of transformed PTP-1B knockout cells. (A) Cells of the T and S MEF cell lines (both PTP-1B*/* and PTP-1B~/")
as indicated were seeded in triplicate wells in medium supplemented with 10% FCS at a density of 500 cells per well and incubated for 12 days
to allow colonies to form. Cells were then stained with Giemsa solution, and the entire plates were photographed. (B) Cells were seeded in multiple
wells of a six-well plate at a density of 2 X 10° cells/well. At the indicated time points the cells were trypsinized and the total cell numbers per well

were determined with a hemocytometer.

supplemented with 10% FCS. Twelve hours later the medium
was replaced with serum-free medium alone or serum-free
medium containing IGF-I alone, etoposide alone, or both.
Cells were cultured for a further 24 or 36 h, after which they
were trypsinized and assessed for viability. The data presented
in Fig. 5A represent the number of viable cells per well after
36 h, although similar results were obtained in assays scored
after 24 h (data not shown). Compared to the original number
of cells plated, the control PTP-1B™/* cells displayed a mini-
mal reduction in viable-cell number in response to serum with-
drawal (5.5%). However, the PTP-1B ™/~ cell lines displayed a
greater reduction in response to serum withdrawal, with a
reduction in viable-cell numbers of 40.3 and 46.7% for the
1S™/~ and 2S™~ cell lines, respectively (Fig. 5A). IGF-I had

no significant effect on the number of viable control PTP-
1B*'* cells (0.9% increase over control). However, IGF-I in-
creased the numbers of PTP-1B™/~ cells compared to the
number of control cells (by 143.7 and 47.5% for the 1S™/~ and
287/~ cells, respectively) (Fig. 5A and B). This indicates that
IGF-I protects the PTP-1B~/~ cells from death due to serum
withdrawal and for 1S™/~ cells, also causes increased prolifer-
ation. The 1S™/~ and 2S™/~ cells exhibit different growth rates
in monolayer culture (Fig. 5A, inset), so the apparent differ-
ences in the levels of protection afforded by IGF-1 in the 1S/~
and 25/~ cell lines are probably due to the fact that the 25/~
cell line grows slower in monolayer culture than either the
PTP-1B** cells or 1S~/ cells.

Treatment of the cells with 5 pM etoposide resulted in
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FIG. 5. Measurement of IGF-I-mediated protection from cell
death in PTP-1B knockout cells. (A) Cells were seeded at 6 X 10* cells
per well in triplicate in 24-well plates, and after 12 h the medium was
removed and replaced with serum-free medium either alone (control)
or containing IGF-I (100 nm), etoposide (5 wM), or both IGF-I and
etoposide. The total viable-cell numbers in triplicate wells were deter-
mined after 36 h and are represented graphically. To assess their
relative growth rates, cells were cultured in parallel in medium sup-
plemented with 10% FCS and the total viable-cell number of each
culture was determined (inset). A representative of several experi-
ments that gave similar results is shown. (B) To demonstrate the
degree of protection afforded by IGF-I, the viable-cell numbers of the
IGF-I cultures in panel A were expressed as percentages of the viable-
cell numbers from control cultures (serum-free medium). (C) Similarly
the percent protection from etoposide killing afforded by IGF-I was
expressed as a percentage of the corresponding number of cells grown
in medium containing etoposide alone.

similar levels of cell death (28 to 36% reduction in cell viability
compared with control) in all of the cell lines (Fig. 5A). IGF-I
could protect the two PTP-1B~/~ cell lines from this apoptotic
stimulus (42.4% protection), but no significant IGF-I-medi-
ated protection was observed in the control PTP-1B*/* cells
(Fig. 5A and C). It must be noted that the levels of IGF-IR
expression are very low in these cells compared with, for ex-
ample, those in the tumor cell lines and IGF-IR-transfected
cells that we routinely use to study IGF-I survival signaling.
Taking this into account, the levels of IGF-I-mediated protec-
tion observed in these experiments are quite substantial.

These data demonstrate that PTP-1B ™/~ cells are more sen-
sitive than control cells to serum withdrawal, are equally sen-
sitive to etoposide killing, and display increased IGF-I-medi-
ated protection from apoptosis in response to serum
withdrawal or etoposide killing.

PTP-1B~'~ cells display enhanced IGF-I-mediated motility.
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Cell motility is a function of immortalized or transformed cells
that is influenced by IGF-I and that has been shown to involve
cross talk between IGF-IR-mediated and integrin signaling
(30, 32). To compare cellular motility in the PTP-1B~/~ cells
with that in controls, a wound assay was first performed on
cells cultured in medium supplemented with 10% fetal bovine
serum (FBS). Both the T and S MEF PTP-1B™/~ cells dis-
played significantly increased motility in the presence of serum
(10% FBS) (Fig. 6A). Eight hours after the wound was scored
T MEF PTP-1B~/~ cells had moved further into the wound
than their PTP-1B™/" counterparts, and 4 h later (time 12) the
PTP-1B~/~ cells had partially filled the wound, unlike their
PTP-1B*/" counterparts. Motility in these cells does not cor-
relate with growth rate because the T MEF PTP-1B*/* cells
grow faster than the T MEF PTP-1B~/~ cells (Fig. 4B). The
migration rates of the S cell lines were overall slower than
those of the T MEF cells, but the same differences between
PTP-1B~/~ and PTP-1B™/" cells were observed on a different
time scale. The PTP-1B™/~ cells moved farther than PTP-
1B*'* cells within 12 h, and 10 h later (time 22) the PTP-1B~/~
cells had almost completely filled the wound.

To determine the extent to which the motility differences
observed in medium supplemented with FBS were due to
IGF-IR signaling, we measured motility in serum-free medium
with and without IGF-I. As can be seen in Fig. 6B, there was
reduced motility of the S MEF cells in serum-free medium
compared with that of cells cultured in FBS-supplemented
medium (Fig. 6A). However, in IGF-I-supplemented medium
the S MEF PTP-1B~/~ cells displayed more migration into the
wound than their PTP-1B*/" counterparts. To further confirm
that the enhanced motility detected in medium supplemented
with FBS was IGF-I mediated, we tested whether an IGF-IR
blocking antibody could inhibit the migration of the S MEF
PTP-1B~/~ cells. As shown in Fig. 6C, migration of these cells
was substantially inhibited in the presence of the IGF-IR
blocking antibody. These results further demonstrate that the
increased motility of PTP-1B™/~ cells is largely due to en-
hanced IGF-IR signaling.

Taken together with the results in Fig. 4 and 5, these data
demonstrate that three functions that are associated with
IGF-IR action in transformed cells, plating efficiency, suppres-
sion of apoptosis, and migratory capacity, are all increased in
cells that lack PTP-1B activity.

IGF-I-mediated activation of PI 3-kinase and MAPK path-
ways is altered in PTP-1B~'~ cells. In response to IGF-I stim-
ulation a number of signaling complexes are recruited to the
activated IGF-IR via adapter proteins. In particular, activation
of the PI 3-kinase, MAPK, and JNK pathways is mediated
through IRS proteins or Shc proteins, all of which are depen-
dent on kinase activity and phosphorylation of tyrosine 950 in
the juxtamembrane region of the receptor.

As shown above, cells that lack PTP-1B have enhanced IGF-
I-mediated survival and motility, as well as enhanced plating
efficiency, all functions that can be mediated through known
IGF-IR signaling pathways. We next investigated whether
some of these signaling pathways were altered in PTP-1B~/~
cells. Lysates from unstimulated or IGF-I-stimulated PTP-
1B™/~ and PTP-1B*/* cells were immunoblotted with phos-
pho-specific antibodies directed against AKT to assess activa-
tion of this pathway, which is dependent on PI 3-kinase activity,
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FIG. 6. Monolayer wound repair assay to demonstrate motility of PTP-1B knockout cells. (A) To compare the relative motilities of the
PTP-1B /" and PTP-1B*/* cells, each of the indicated cell lines was grown to confluence in medium supplemented with 10% FCS and a wound
was then scored in each culture. Migration into the wound was monitored by microscopic visualization, and at the indicated time points (hours)
cells were stained with Giemsa and photographed at 10X magnification. For each condition a representative of multiple similar fields is presented.
(B) To assess the contribution of IGF-I activity to motility, the assay was performed as for panel A except that after the wound was scored cells
were incubated in serum-free medium or in medium supplemented with IGF-I (100 ng/ml) and photographs were taken at 22 h. (C) To assess
dependence on IGF-IR signaling, cells cultured in medium supplemented with FCS were treated with the IGF-IR blocking antibody (20 pg/ml)
or an isotype-matched control antibody and the cultures were photographed 22 h later.

against phospho-ERK to assess MAPK activity, and against
phospho-JNK and phospho-p38 to assess stress-activated pro-
tein kinase activity (Fig. 7). Equal protein loading was con-
firmed in each case with antibodies specific for the nonphos-
phorylated forms of these proteins. In response to IGF-I
stimulation, AKT phosphorylation in one of the S MEF PTP-
1B/~ cell lines was increased compared to that in the PTP-
1B*'* control cells (Fig. 7, top). An even greater increase in
IGF-I-mediated activation of AKT phosphorylation was ob-
served in the T MEF PTP-1B~/~ cells compared to that in the
T MEF PTP-1B*/* cells. This suggests that PI 3-kinase activity
and the AKT pathway are enhanced in the PTP-1B™/~ cells.
IGF-I-mediated phosphorylation of ERK was decreased, and
this is in agreement with our previous study on ERK activity in
response to adhesion in these cells (11). JNK phosphorylation
was also decreased in each of the PTP-1B~/~ cell lines tested.
This indicates that, although IGF-IR activity is increased in
PTP-1B/~ cells, IGF-I-mediated MAPK activity and JNK ac-
tivity are diminished in the absence of PTP-1B. However, be-
cause adhesion-dependent MAPK activity is also diminished in
these cells, it is likely that a block in activation of these path-
ways occurs downstream of the IGF-IR. IGF-I did not induce

p38 phosphorylation in any of the cell lines tested (data not
shown). Altogether these results indicate that there is a change
in the profile of the signaling pathways activated by the IGF-IR
in PTP-1B~/~ cells and that activation of the AKT pathway
correlates with increased IGF-IR activity, whereas activation
of the MAPK and JNK pathways does not.

Reexpression of PTP-1B in S MEFs reduces IGF-I-mediated
receptor autophosphorylation, AKT activation, and cellular
motility. All of the above data indicate that PTP-1B can reg-
ulate IGF-IR kinase activity, activate signaling pathways that
control key functions, and enhance the function of the IGF-IR
in immortalized or transformed fibroblasts. To investigate
whether the effects on IGF-IR function that we have measured
are truly due to decreased PTP-1B activity rather than to
PTP-1B-independent mechanisms associated with the immor-
talization or transformation procedure, we sought to rescue
the cells from the PTP-1B~/~ phenotype by reexpressing the
PTP-1B protein. To do this, 1S MEF PTP-1B~/~ cells stably
reexpressing PTP-1B were generated by retrovirus infection.
Levels of PTP-1B in two independent clones (SR1 and SRS5)
compared with those in S MEF PTP-1B*/* cells are shown in
Fig. 8A. SR1 and SRS5 cells have similar levels of PTP-1B, but
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FIG. 7. Examination of PI 3-kinase, MAPK, and stress-activated
protein kinase pathways activated in response to IGF-I in PTP-1B
knockout cells. Serum-starved cells were stimulated with IGF-I for 15
min or left unstimulated. Lysates (25 pg) were analyzed by Western
blotting for phospho-AKT or phospho-ERK and for phospho-JNK.
Equal loading was assessed by stripping the blots and reprobing with
antibodies against the nonphosphorylated forms of AKT, JNK, and
ERK.

these are substantially lower than those in the S MEF PTP-
1B*'* cells. However, PTP-1B levels in these cells are quite
comparable to the levels detected in primary PTP-1B*/* fibro-
blasts (not shown). As controls we used SR9 and SR10 cells
that were similarly infected and subcloned but that expressed
no PTP-1B.

We next compared the activity of the IGF-IR in PTP-1B-
reexpressing SR1 and SRS cells with that in control SR9 cells.
As can be seen in Fig. 8B, the levels of IGF-I-induced IGF-IR
autophosphorylation in both PTP-1B-expressing SRS and SR1
cells are decreased compared to those in vector control SR9
cells. In parallel with this, IGF-I-mediated AKT phosphoryla-
tion in SR1 and SRS cells was decreased compared to that in
the vector controls. By contrast IGF-I-mediated activation of
ERK was restored in the PTP-1B-expressing cells (Fig. 8C). All
of these cells expressed equal levels of IGF-IR (Fig. 8B and C).

To assess whether the decrease in IGF-IR activity in SR1
and SR5 cells is associated with a decrease in IGF-IR-medi-
ated function, we measured the antiapoptotic activity and mo-
tility of these PTP-1B-expressing cells compared with the SR9
and SR10 vector control cells. As can be seen in Fig. 8D, the
IGF-I-mediated response to serum withdrawal and etoposide
killing was reversed by reexpression of PTP-1B. Similarly, as
can be seen in Fig. 8E the motility of SR1 and SRS cells is
retarded compared with that of SR9 cells. Altogether these
data demonstrate that reexpression of PTP-1B in spontane-
ously immortalized PTP-1B~/~ fibroblasts rescues the cells
from the PTP-1B deficiency phenotype and restores negative
regulatory activity with respect to IGF-IR activation and func-
tion. The data suggest that PTP-1B is a regulator of IGF-IR
function.
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DISCUSSION

The identification of phosphatases that specifically regulate
the activity of receptor tyrosine kinases or oncogenic kinases
would provide a powerful tool for understanding and manip-
ulating these pathways in normal and transformed cells (8).
Although several oncogenic kinase-activated signaling path-
ways are known, there is still relatively little known about
phosphatase regulation of these pathways. The importance of
these regulatory phosphatases is illustrated by the lipid phos-
phatase PTEN, which dephosphorylates the products of PI
3-kinase activity that are necessary for AKT activation. PTEN
exhibits loss of heterozygosity or is mutated in the advanced
stages of several cancers (12). The IGF-IR is a potent mediator
of survival activity and gene expression in tumor cells, and
therefore phosphatases that regulate its activity can also be
predicted to play an important role in tumor progression.

Our awareness of the established role for PTP-1B in IR
regulation (44), the total inhibition of IGF-IR activity by
PTP-1B observed with S. pombe prompted us to investigate
this further. PTP-1B also suppressed IGF-IR kinase activity in
mammalian cells in the context of overexpression of a consti-
tutively active IGF-IR B chain. The consequences of lack of
PTP-1B on IGF-IR activity were very striking in the fibroblast
cell lines derived from PTB-1B knockout mice. These cells,
whether spontaneously immortalized or transformed with
SV40 T antigen, had enhanced phosphorylation of the IGF-IR
as well as enhanced plating efficiency and enhanced IGF-I-
mediated cell survival and motility. These cells also exhibited
enhanced AKT phosphorylation, which suggests that the PI
3-kinase/AKT pathway is involved in all of these IGF-IR func-
tions. Reintroduction of PTP-1B into one of the spontaneously
immortalized cell lines resulted in reversal of this phenotype.
This indicates that PTP-1B regulates IGF-IR function and that
lack of PTP-1B enhances IGF-IR activity.

SV40 T antigen has previously been shown to stimulate IGF
production and to cooperate with IGF-IR signaling in immor-
talized fibroblasts (16, 31, 41). However, in this study the PTP-
1B/~ T antigen-transformed cells did not express higher
IGF-IR levels, but they did demonstrate more-pronounced
IGF-I-induced kinase activity than the spontaneously immor-
talized cells. They also exhibited better plating efficiency and
motility and appeared to be morphologically more trans-
formed, all of which could be attributed to the presence of T
antigen and potential cooperation with IGF-IR. However,
each of these features of transformed cells was still further
enhanced in the PTP-1B™/~ cells.

Although the MEF cell lines used in this study express lower
levels of IGF-IR than most cultured tumor cell lines, the PTP-
1B™/~ cells were more sensitive to cell death in response to
serum withdrawal and exhibited an IGF-I-mediated protective
response from induction of apoptosis. In contrast, the control
PTP-1B*/™ cells with similar numbers of IGF-I receptors were
less sensitive to serum withdrawal and had no detectable IGF-I
antiapoptotic response. This strongly suggests that loss of
PTP-1B makes cells more dependent on IGF-IR survival sig-
naling. This is consistent with our previous observation that T
MEEF cells have decreased integrin signaling, which would also
contribute to decreased survival in the absence of growth fac-
tors (11). Enhanced dependence on IGF-IR survival signaling
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FIG. 8. Reexpression of PTP-1B in S MEF PTP-1B™/~ cells results in decreased IGF-IR and AKT activation. (A) SR1 and SRS5 cells were
clones isolated after infection of the 1S MEF cells with a retrovirus vector encoding PTP-1B-myc. To compare PTP-1B levels in SR1 and SRS cells
with those in S MEF PTP-1B™/* cells, the cells were lysed in RIPA buffer and analyzed by Western blotting with an anti-PTP-1B antibody. Arrows,
positions of endogenous PTP-1B in the PTP-1B™'* cells and PTP-1B-myc in the infected clones. The blot was reprobed with the anti-p130 Cas
antibody to control for loading. (B) IGF-IR activation in the SR9 control cells as well as SR1 and SRS cells was assessed by starving the cells and
stimulating with IGF-I for 15 min or not stimulating. Cell lysates were prepared, and the IGF-IR was immunoprecipitated, followed by Western
blotting with an antiphosphotyrosine antibody (PY). The blot was then stripped and reprobed with an anti-IGF-IR antibody. (C) To assess AKT
activation in SR1 and SRS cells compared with that in two control cell lines that do not express PTP-1B, SR9 and SR10, cells were starved and
stimulated with IGF-I for 15 min or not stimulated, lysed, and analyzed by Western blotting for phospho-AKT. The blot was then stripped and
reprobed with antibodies against AKT, IGF-IR, and actin. An identical blot was probed with antibodies against phospho-ERK and ERK-2. (D) To
measure IGF-I-mediated antiapoptotic activity, cells were seeded at 6 X 10* cells per well in triplicate in 24-well plates and after 12 h the medium
was removed and replaced with serum-free medium either alone (control) or containing IGF-I (100 nM), etoposide (5 wM), or both IGF-I and
etoposide. The total viable-cell numbers in triplicate wells were determined after 36 h and are represented graphically. (E) To assess cell migration,
cells were grown to confluence in medium supplemented with 10% FCS and a wound was then scored in each culture. Migration into the wound
was monitored by microscopic visualization, and at 12 h cells were stained with Giemsa and photographed at 10X magnification. For each condition
a representative of multiple similar fields is presented. We noted that the PTP-1B-expressing SR1 and SRS cells have a larger cytoplasm-to-nucleus
ratio than the SR cells.

could be significant for transformed cells in vivo, because it has
been proposed that tumor cells expressing active oncogenes
and growing out of their normal location are more dependent
on survival factors such as IGF-I than normal cells, which
receive multiple survival signals from their environment (15).
The enhanced plating efficiency and enhanced IGF-I-mediated
motility in the PTP-1B~/~ MEFs provide evidence that lack of
IGF-IR regulation by PTP-1B contributes to the transformed
phenotype of these cells in culture. It also suggests that signals

from the IGF-IR can rescue the integrin signaling defects in
the PTP-1B™/~ cells that caused reduced spreading on fi-
bronectin matrices (11).

It is clear from the decrease in IGF-I-induced activation of
ERK and JNK that we observed in PTP-1B™/~ cells and from
our previous report of decreased ERK activation associated
with integrin signaling in these cells (11) that loss of PTP-1B
down-regulates MAPK signaling while other pathways such as
the IGF-IR/AKT pathway are up-regulated. In addition to
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regulating integrin signaling, PTP-1B has previously been
shown to regulate the activity of the epidermal growth factor
receptor (18) and cadherins (5a), and the cross talk between all
these pathways is likely to have complementary or antagonistic
affects on IGF-IR signaling. Since ERK activation was atten-
uated in response to adhesion signals as well as in the response
to IGF-I in PTP-1B™/~ cells, it is likely that the MAPK path-
way in these cells is regulated downstream of these stimuli by
cellular kinases or phosphatases whose activity is also con-
trolled by PTP-1B. One candidate for this could be Src, which
is known to activate the MAPK pathway and which we have
found to be hyperphosphorylated at an inhibitory tyrosine in
PTP-1B~/~ cells (11). Src has also been shown to phosphory-
late the IGF-IR (39), and the transforming activity of c-Src is
thought to be dependent on its interaction with the IGF-IR
(53). However, decreased Src activity apparently does not in-
hibit IGF-IR activity or IGF-I-induced AKT activation in
PTP-1B knockout cells, so if it is responsible for the decreased
ERK activation it would have to act downstream of the IGF-
IR.

The observation that the PTP-1B knockout mice did not
present with any abnormalities or tumors (14) that could be
associated with enhanced IGF-IR activity may be due to sev-
eral reasons. The blunted responses of the MAPK and JNK
pathways to diverse stimuli in PTP-1B knockout cells could
inhibit tumor development. There may also be compensating
events in these mice caused by lack of PTP-1B that could make
cells resistant to transformation. These could include altered
levels of IGF binding proteins that regulate IGF-I and IGF-II
actions through the receptor (1). Alternatively, the phenotype
of these mice may be associated with the particular role of the
IGF-IR in faciliting the outgrowth of transformed cells rather
than in initiating the transformation event (7). As is elegantly
outlined in a number of tumor development models (20, 21, 34,
38), several abnormal events are required for cancer to de-
velop. These include one or more active oncogenes, enhanced
survival mechanisms, and angiogenesis- and metastasis-pro-
moting activities. In the case of PTP-1B knockout mice, it is
possible that they have not experienced enough oncogenic
events during their lifetimes in a controlled environment, and
therefore enhanced IGF-IR activity would have no effect on
cancer development. On the contrary, lack of PTP-1B and
enhanced IGF-IR function may confer an advantage to these
animals in maintaining the survival of normal cells of the im-
mune and nervous systems (17, 56). It will be of interest to
analyze IGF-IR function in primary tissues derived from these
mice.

It could also be hypothesized that acquisition of an activated
oncogene by or diminished p53 function in cells of PTP-1B-
deficient mice would be more likely to lead to cancer than a
similar event in cells of PTP-1B*/* mice. First, due to en-
hanced IGF-IR antiapoptotic activity, the likelihood that a cell
with an activated oncogene would survive and develop into a
tumor would be increased. Second, lack of PTP-1B could pro-
mote the progression of a tumor into a more aggressive vas-
cularized or metastatic form through the ability of the IGF-IR
to promote angiogenesis and metastasis (2, 45). An extension
of this hypothesis also predicts that the offspring of PTP-1B
knockout mice crossed with transgenic mice expressing an on-
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cogene such as c-myc would develop tumors at a higher rate
than their parents.

In conclusion, we have demonstrated that PTP-1B can in-
hibit IGF-IR tyrosine kinase activation and that IGF-IR kinase
activity, cell survival, and IGF-IR functions associated with the
maintenance of a transformed phenotype are enhanced in cells
that lack PTP-1B. These results establish PTP-1B as a potential
regulator of IGF-IR activity and suggest that PTP-1B may have
a role in limiting IGF-I-promoted cancer progression.
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