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ABSTRACT

Insulin-like growth factor I (IGF-I) stimulates the proliferation of
highly metastatic NL-17 cells to a greater extent than poorly metastatic
M -44 cells, both of which are derived from mouse colon carcinoma 26.
The NL-17 cells have been compared with NI.-4-1 cells for the signal
transduction pathway of IGF-I. IGF-I receptors of both cell types were
identified by affinity labeling, and there was no significant difference
between the two cell types in the amount or the autophosphorylation
activity of the IGF-I receptors. However, when IGF-I-dependent tyrosine
phosphorylation of cellular components was examined, remarkable ty
rosine phosphorylation of proteins with molecular weights of 150,000
(pplSO) and 160,000 (ppl60) was found in NL-17 cells. In contrast, this
phosphorylation stayed at significantly lower levels in NL-44 cells than
in NL-17 cells. The phosphorylation of pplSO and ppl60 was induced
within 10 s after the addition of IGF-I and reached its maximal level by
30 s. After the removal of IGF-I, the phosphorylation of pplSO and
ppl60 was reduced to the basal level within 30 min. This phosphorylation
was not induced by platelet-derived or epidermal growth factor. The
pplSO and ppl60 were not absorbed by wheat germ agglutinin-agarose.
They were found in the soluble fraction of cytoplasm but not in the
membrane or the cytoskeleton. The pplSO and ppl60 might be endoge
nous substrates of IGF-I receptor kinase. These results suggest that
tyrosine phosphorylation of pplSO and ppl60 mediates the higher prolif-
erative response of NL-17 cells to IGF-I.

INTRODUCTION

Tumor metastasis is a complex, multistep process (1). One
of the critical determinants of the development of metastasis is
the rate of tumor cell proliferation at the metastatic site, as
regulated by growth factors (2). We established several variants
of murine colon carcinoma 26 which have different metastatic
potentials (3, 4). Using this system, we have analyzed the
molecular mechanism whereby circulating tumor cells colonize
the distant target organ, with special interest directed toward
the tumor cell response to specific growth factors (5-8).
Through this study, it is shown that the proliferation of one of
the highly lung-metastatic variants, NL-17, is stimulated by
IGF-I3 (7), insulin (7), PDGF (8), and lung-derived growth

factors (6).
Among these growth factors, IGF-I has been shown to be
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mitogenic for various kinds of tumor cells, e.g., human breast
carcinoma cell lines (9-11), human melanoma cells (12), and
human osteosarcoma cells (13). IGF-I is not only a circulating
growth factor but also a localized one, synthesized by various
organs including the lung (14-16). Therefore, sensitivity of
tumor cells to IGF-I supplied by the blood and/or the lung
tissue could be an important factor in the development of lung
metastasis. In this context, we have been interested in the
response of highly metastatic NL-17 cells to IGF-I. We previ
ously showed that a physiological concentration of IGF-I stim
ulates the growth of NL-17 cells to a significantly greater extent
than that of NL-44 cells, which are poorly metastatic (7).
Interestingly, however, there was no significant difference be
tween the two cell types in the number of IGF-I receptors or in

their dissociation constants (7).
In the present study, we have attempted to analyze the signal

transduction pathway of IGF-I in order to explain the higher
proliferative response of NL-17 cells. Following binding of
IGF-I to its receptor, signal transduction may occur through
autophosphorylation of intracellular receptor domains and ty
rosine phosphorylation of other substrates by the activated
receptor kinase (17, 18). These IGF-I signaling pathways have
been investigated in various cell types, and several endogenous
substrates of IGF-I receptor kinase have been identified (19-
21). The analysis of the signal transduction of IGF-I in highly
metastatic NL-17 cells may lead to elucidating unique sub
strates related to metastasis. In this study, we have examined
IGF-I-dependent phosphorylation of cellular proteins in highly
metastatic NL-17 cells by an antiphosphotyrosine monoclonal
antibody, since such phosphorylation may mediate metastasis.
We have found that IGF-I induces the tyrosine phosphorylation
of a M, 150,000 and a M, 160,000 cytoplasmic protein and that
the phosphorylation level was significantly higher in NL-17
cells than in NL-44 cells.

MATERIALS AND METHODS

Cells and Materials. NL-17 cells and NL-44 cells, highly and poorly
lung-metastatic variants of murine colon carcinoma 26, respectively,
were grown in RPMI 1640 medium supplemented with 5% fetal bovine
serum (3, 6). Human recombinant IGF-1 was kindly provided by Fujis-
awa Pharmaceutical Co. (Osaka, Japan). Human recombinant PDGF
B-B homodimer was purchased from Genzyme Corp. (Boston, MA).
Murine EGF was from Collaborative Laboratories (Bedford, MA).
Peroxidase-conjugated goat anti-mouse IgG antibodies were from Bio-
Rad (Richmond, CA). WGA-agarose was from E. Y. Laboratories (San
Mateo, CA). Phosphotyrosine, phosphothreonine, and phosphoserine
were from Sigma (St. Louis, MO). Disuccinimidyl suberate was from
Pierce (Rockford, IL). Molecular weight markers were from Amersham
Japan (Tokyo, Japan). Radioactive materials were obtained from the
sources indicated: '2Ã•I-IGF-Ifrom Amersham Japan, and 12PÂ¡from 1CN

(Costa Mesa, CA).
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Antiphosphotyrosine Monoclonal Antibodies. Â«PTMAbs were pre
pared by immunizing BALB/c mice with phosphotyrosine conjugated
with Keyhole Lympet hemocyanin as described previously (22, 23).
One of the monoclonal antibodies (aPTMAb 25.2G4) was purified
from ascites by Protein A-Sepharose (Pharmacia, Uppsala, Sweden).
The subtype of this antibody was IgGl. The Â«PTMAb-agarose was
prepared by conjugating purified Â«PTMAbsto Affi-Gel 10 (Bio-Rad).

Affinity Labeling of IGF-I Receptors by '"I-IGF-I. Affinity labeling
of IGF-I receptors was performed as described previously (24). Briefly,
10* NL-17 cells were detached from culture dishes with 0.02% EDTA

in phosphate-buffered saline, pH 7.4. The cells were homogenized with
a Dounce homogenizer in 10 mM Tris-HCl, pH 7.4, containing 10 mM
NaCl, 1.5 mM MgCl2, and 1 mM dithiothreitol. The lysates were
centrifuged at 3,600 x g for 15 min. Crude membrane was isolated by
centrifuging the supernatant at 22,000 x g for 30 min. Half aliquots of
the crude membrane were incubated at 4Â°Cfor 30 min with or without

10 Mg/ml of IGF-I dissolved in 20 ml of 0.1 M 4-(2-hydroxyethyl)-l-
pipcrazineethanesulfonic acid, pH 7.4, containing 0.12 M NaCl, 1.2
mM MgSO4, 2.5 mM KC1, 10 mM glucose, 1 mM EDTA, and 1% bovine
serum albumin (binding buffer), and then incubated with 0.5 mCi of
i:il-IGF-I at 25"C for 30 min. The membrane was washed in binding

buffer twice by centrifugation and resuspended in 330 ^1 of binding
buffer. Cross-linking was carried out by adding 3 ^1 of 50 mM disuccin-
imidyl suberatc dissolved in dimethyl sulfoxide followed by incubation
at 15Â°Cfor 15 min. The membrane was washed three times in binding

buffer and solubilized with 0.2 ml of lysis buffer. The labeled materials
equivalent to 25 ^g protein were dissolved in SDS-sample buffer con
taining 5% 0-mercaptoethanol (25) and applied to polyacrylamide
gradient gels (4-20%). The SDS-PAGE was performed at a constant
current of 20 mA/gel. The gels were dried and exposed to Kodak X-

Omat AR film with an intensifying screen.
Autophosphor) lation of IGF-I Receptors. Subconfluent NL-17 and

NL-44 cells grown in 6-cm-diameter culture dishes were washed twice
with serum-free medium and incubated for 16 h in serum-free medium.
Before labeling, the cells were washed with phosphate- and serum-free
medium and incubated at 37Â°Cfor 3 h in 2 ml of phosphate- and
serum-free medium containing carrier-free "PÂ¡(0.25 mCi/ml). Then
the cells were incubated with 50 ng/ml of IGF-I for 5 min. The
incubation was immediately stopped by removing the medium and
freezing the cell monolayers with liquid nitrogen. The monolayers were
thawed and solubilized at 4Â°Cwith 0.5 ml of 0.5% Triton X-100

containing 10 mM Tris-HCl, pH 7.4, 50 mM NaCl, 5 mM EDTA, 1
HIMphenylmethylsulfonyl fluoride, 100 kallikrein units/ml of aproti-
nin, 50 mM sodium fluoride, 50 mM sodium m-vanadate, and 30 mM
sodium pyrophosphate (lysis buffer) containing 0.1% bovine serum
albumin. The lysates were centrifuged at 35,000 rpm in a Beckman
TLA 45 rotor for 20 min, and the supernatant was removed. The
supernatant, containing "P-labeled phosphoproteins, was incubated
with 50 ÃŸ\of WGA-agarose at 4Â°Cfor 1 h. The WGA-agarose was

washed three times with 0.5% Triton X-100 containing 50 mM Tris-
HCl, pH 7.4, and 50 mM sodium chloride (washing buffer). Proteins
bound to WGA-agarose were eluted with 0.5 ml of washing buffer
containing O.I M /V-acetylglucosamine. The eluent was precleared by
incubation with 50 jil of Protein A-agarose coated with normal mouse
IgG at 4Â°Cfor 30 min and then incubated with 50 p\ of Â«PTMAb-
agarose at 4Â°Cfor 2 h. The Â«PTMAb-agarose was washed four times

with washing buffer. Phosphotyrosine-containing proteins were eluted
from the Â«PTMAb-agarose by incubation at 4Â°Cfor 1 h with 200 n I

of 40 HIM phenylphosphate. Aliquots of the eluted phosphoproteins
were dissolved in SDS-sample buffer, applied to 7.5% polyacrylamide
gels, and separated by SDS-PAGE under reducing conditions as de
scribed above. The l:P-labeled phosphoproteins were identified by
autoradiography. The phosphoproteins which were not bound to WGA-
agarose were also examined in some of the experiments as described
above.

Immunoblotting of Tyrosine-phosphorylated Proteins. The tumor
cells, grown to subconfluent density in 6-cm-diameter culture dishes,
were washed twice with serum-free medium and incubated in serum-
free medium for 18-24 h. The medium was removed, and the cells were

refed with fresh serum-free medium containing the indicated concen
trations of growth factors. After incubation at 37Â°Cfor the indicated

time periods, the medium was removed. The cell monolayers were
quickly frozen by liquid nitrogen and then extracted with lysis buffer.
When the subcellular localization of phosphoproteins was examined,
the cell monolayers were disrupted by freezing and thawing three times
in Triton X-100-free lysis buffer. In some of the experiments, 5 mM
calcium chloride or 10 mM EDTA was added to this buffer. The soluble
and paniculate fractions were separated by centrifugation and extracted
by lysis buffer. An aliquot of the extract was analyzed by SDS-PAGE
on 7.5% polyacrylamide gels under reducing conditions. The separated
proteins were transblotted to a nitrocellulose membrane. After blocking,
the membrane was incubated with 10 Mg/ml of Â«PTMAb at room
temperature for 4 h and subsequently incubated with a 1:200 dilution
of peroxidase-conjugated anti-mouse IgG at room temperature for 1 h
and then stained with 4-chloro-l-naphthol (26).

RESULTS

Affinity Labeling of IGF-I Receptor. Our previous study
showed that the number of IGF-I receptors on the cell surface
is not significantly different between highly metastatic NL-17
cells and poorly metastatic NL-44 cells (7). We confirmed this
point by affinity labeling of the IGF-I receptor (Fig. 1). A M,
135,000 component was labeled by 125I-IGF-I in both NL-17

and NL-44 cells. This labeling was inhibited by an excess
amount of cold IGF-I. These results indicate that the M,
135,000 component corresponds to the a-subunit of the IGF-I
receptor (18, 19). The amount of the M, 135,000 component

Cold IGF-I -

135k **:

Mr
(kDa)

-200
-92.5

-69

-30

-21.5

-14.3

Fig. I. Affinity labeling of IGF-I receptors of NL-17 and NL-44 cells. Crude
membranes were prepared from NL-17 and NL-44 cells, and affinity labeling of
IGF-I receptors was carried out in the presence or the absence of 10 /jg/^l of cold
IGF-I, as described in "Materials and Methods." The labeled materials equivalent
to 13 Mgprotein were analyzed by SDS-PAGE on a polyacrylamide gradient gel
(4-20%) under reducing conditions, followed by autoradiography. M, markers:
myosin (A/,, 200.000); phosphorylase ft (M,, 92,500); bovine serum albumin (M,,
69.000); carbonic anhydrasc (M,. 30.000): trypsin inhibitor (M,. 21.500): and
lysozyme (M,. 14,300).
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IGF-I - + - + Mr
â€¢¿�â€¢¿�*â€¢(kDa)

iÂ«,s-200

100k
-92.5

-69

-46

Fig. 2. Autophosphorylation of IGF-I receptors in NL-17 and NL-44 cells.
The NL-17 and NL-44 cells were metabolically labeled by "P/ and incubated with
50 ng/VI of IGF-I for 5 min. The cellular lysates containing "P-labeled phospho-
proteins were incubated with 50 n' of WGA-agarose at 4'C for 1 h. The proteins
bound to WGA-agarose were eluted with 0.1 M A'-acetylglucosamine and incu
bated with Â«PTMAb-agarose at 4Â°Cfor 2 h. Phosphotyrosine-containing proteins

were eluted with 40 m\i phenylphosphate. Aliquots of the eluent containing 30
Mg protein were analyzed by SDS-PAGE on a 7.59r polyacrylamide gel under
reducing conditions, followed by autoradiography.

was not significantly different between NL-17 and NL-44 cells,
in support of our previous data.

Autophosphorylation of the IGF-I Receptor. Autophosphory
lation of IGF-I receptors of NL-17 and NL-44 cells was ex
amined. The autoradiography following the SDS-PAGE of
WGA-absorbed cell lysates revealed that a M, 100,000 com
ponent was phosphorylated when the cells were stimulated by
IGF-I (Fig. 2). This component is considered to be the ÃŸ-subunit
of the IGF-I receptor, based on the molecular weight and its
affinity to WGA (18, 19, 27). The intensity of the M, 100,000
component was not significantly different between NL-17 and
NL-44 cells, indicating that the autophosphorylation of the
IGF-I receptor following IGF-I stimulation occurred at a sim
ilar level in both cell types.

IGF-I-dependent Phosphorylation of a M, 150,000 and a M,
160,000 Protein. The proliferation of NL-17 cells is promoted
by IGF-I and PDGF, but not by EGF (7). Tyrosine phosphor-
ylation of NL-17 cellular components by these growth factors
was examined by immunoblotting with Â«PTMAb (Fig. 3). In
terestingly, IGF-I resulted in remarkable tyrosine phosphoryl-
ation of a M, 150,000 (pplSO) and a A/r 160,000 (ppl60)
protein. In the absence of IGF-I, only weak phosphorylation of
pplSO was detected. A high concentration of insulin also in
duced the phosphorylation of pp 150 and pp 160. Neither PDGF
nor EGF induced the phosphorylation of pplSO and pploO.
Instead, PDGF induced phosphorylation of a M, 180,000 pro

tein which is considered to be the PDGF receptor (18). PDGF
also induced phosphorylation of a M, 145,000 protein. EGF
did not induce any specific tyrosine phosphorylation. These
results correlate well with the positive and negative responses
of NL-17 cells to PDGF and EGF, respectively (7). Overall,
the pattern of the tyrosine phosphorylation induced by these
growth factors in NL-44 cells was parallel to that in NL-17

cells except for the phosphorylation of pplSO and pploO (see
below). The phosphorylation of the M, 145,000 protein induced
by PDGF in NL-44 cells was on a level similar to that in NL-

17 cells.
The immunoblotting of pplSO and ppl60 by Â«PTMAb was

inhibited by phosphotyrosine but not by phosphoserine or phos-
phothreonine (Fig. 4). This finding confirmed the specificity of
aPTMAb to phosphotyrosine. Tyrosine phosphorylation of
pplSO and ppl60 was also demonstrated by two-dimensional
thin layer electrophoresis of phosphoamino acids (data not
shown).

Comparison of Phosphorylation of pplSO and ppl60 between
Highly Metastatic NL-17 Cells and Poorly Metastatic NL-44
Cells. The IGF-I-dependent/buffered tyrosine phosphorylation
of pplSO and pploO was compared in NL-17 and NL-44 cells
(Fig. 5). In NL-17 cells, the phosphorylation of pplSO and
pploO occurred at a concentration of 10 ng/^1 of IGF-I and
increased in a dose-dependent manner. The dose-dependent
phosphorylation of pplSO and ppl60 was also induced in NL-
44 cells. However, it was found that the maximal phosphoryl
ation level was approximately 3 times higher in NL-17 cells
than in NL-44 cells.

Time Course of the Phosphorylation of pplSO and ppl60. In
order to characterize the phosphorylation of pplSO and ppl60,

$Â¿fy
m

pp160

pp150

** =%;-
(kDa)

-200

-92.5

-^Â«--69

-46
Fig. 3. Tyrosine phosphorylation of cellular proteins by growth factors in NL-

17 cells. Serum-starved NL-17 cells were incubated with scrum-free medium
containing 50 ng/fJ of PDGF, IGF-I, or 500 ng/nl of insulin at 37'C for 5 min.
The cells were immediately lysed, and tyrosine-phosphorylated proteins were
immunoblotted by nPTMAb, as described in "Materials and Methods." Arrows,

pp 150 and ppl60.
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aPTMAb + + + H-- m
(kDa)

-200

-92.5

-69

other endogenous substrate of IGF-I receptor kinase. The
ppl 50 and pploO were not observed in the WGA-absorbed
fraction. Instead, phosphorylation of a M, 100,000 protein
which is regarded as the 0-subunit of the IGF-I receptor was
observed when Lanes 3 and 4 were exposed for a longer period
(data not shown; see Fig. 2).

Subcellular Localization of pplSO and pplÃ³O.Subcellular lo
calization of ppl 50 and pploO was determined by separating
IGF-I-treated NL-17 cell lysates into soluble and paniculate
fractions. Imnumohh >ts with aPTMAb revealed that ppl 50 and
pploO exist in the soluble fraction but not in the paniculate
fraction (Fig. 9). Triton X-100 insoluble paniculate residue was
further solubilized by SDS and analyzed by immunoblotting.
However, ppl50 and ppl60 were not demonstrated in this
fraction (data not shown). These results indicate that ppl50
and ppl60 localized in the cytoplasm but not in the membranes
or the cytoskeletons. Calcium-dependent association of ppl50
and ppl60 with the membranes was also examined. Addition
of either 5 mivicalcium or 5 mM ethyleneglycol bis(/3-aminoethyl
etherJ-Ayvyv^-tetraacetic acid did not change the localization
of ppl 50 and ppl60 (Fig. 9).

-46

12345
Fig. 4. Inhibition of aPTMAb binding to pp 150 and pp 160 by phosphotyrosine.

Serum-starved NL-17 cells were incubated in serum-free medium containing 50
ng/^1 of IGF-I at 37Â°Cfor 5 min. The cells were immediately lysed. The cellular
proteins were separated by SDS-PAGE and transblotted to nitrocellulose mem
branes, as described in "Materials and Methods." The membranes were preincu-

bated with blocking solution (Lanes I and 5) or blocking solution containing 20
mM phosphotyrosine (Lane 2, P-Tyr), 20 mM phosphothreonine (P-Thr), or 20
mM phosphoserine(/>-5er) at 25Â°Cfor 30 min. Twenty mg/ml of aPTMAb (Lanes
1-4) or 5 y! of normal mouse serum (Lane 5, NMS) were added to the membranes
and incubated at 25*C for 4 h. The membranes were washed and incubated with
peroxidase-conjugated second antibodies, and tyrosine-phosphorylated proteins
were visualized as described in "Materials and Methods."

the time course of the phosphorylation in NL-17 cells was
investigated (Fig. 6, A and B). The phosphorylation appeared
as early as 10 s after the addition of IGF-I and reached a
maximal level at 30 s. After 30 min, the phosphorylation of
ppl50 and ppl60 began a gradual reduction, being detectable
up to 6 h poststimulation. By 24 h, basal levels of phosphoryl
ation were observed. When IGF-I was removed 5 min after its
addition to the NL-17 cell cultures, the intensity of the ppl 50
and pp 160 began to decrease at 5 min after the removal of IGF-
1and rapidly declined to the basal level between 15 and 30 min
(Fig. 7). These results may suggest that ppl50 and ppl60 are
possible endogenous substrates of IGF-I receptor kinase.

Binding of pplSO and pploO to WGA-Agarose. The ppl50
and ppl60 were examined for their binding to WGA-agarose
in order to compare them with the IGF-I receptor, which is
known to bind to WGA-agarose (27). The NL-17 cells were
metabolically labeled with 32PÂ¡and treated with or without IGF-
I. The cellular lysates were incubated with WGA-agarose, and
then nonabsorbed and absorbed fractions were subjected to
immunoprecipitation by oPTMAb. As shown in Fig. 8, ppl50
and ppl60 were found in the WGA-nonabsorbed fraction, but
not in the WGA-absorbed fraction. Weak phosphorylation of
ppl50 without IGF-I was observed, which is consistent with
the immunoblotting data (Fig. 6B, Lane 1, and Fig. 3). In
addition, another phosphorylated M, 220,000 protein was
found in the WGA-nonabsorbed fraction, which might be an-

DISCUSSION

We previously showed that IGF-I stimulates the growth of
highly metastatic NL-17 cells to a greater extent than that of
poorly metastatic NL-44 cells (7). However, the expression of
the IGF-I receptor was not significantly different between these

NL-17 NL-44

pp160
pp150

B

E
E

je
U

pp160 of NL-17

ppl 60 ot NL-44

ppl 50 of NL-17

pp 150 ot NL-44

100

Concentration

300

of (ng/ml)
Fig. 5. Comparison of phosphorylation of ppI50 and ppl60 between highly

metastatic NL-17 cells and poorly metastatic NL-44 cells. Serum-starved NL-17
and NL-44 cells were incubated with serum-free medium containing 0, 10, 50,
and 250 ng/fil of IGF-I at 37"C for 5 min. The cells were immediately lysed, and
the extract equivalent to 3.6 x 10' cells was separated by SDS-PAGE. A,

Immunoblotting of ppl 50 and ppl60 by nPTMAb was performed as described
in "Materials and Methods." B, The density of each band was measured by a

densitometer, and the relative amounts of pplSO and ppl60 were determined
based on the heights of corresponding peaks.
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Fig. 6. Time course of the phosphorylation
of pplSO and ppl60 by IGF-I. Serum-starved
NL-17 cells were incubated with 50 ng/^l of
IGF-I at 37'C for the indicated time period (A,
0-5 min; B, 0-24 h) and immediately extracted
with lysis buffer. Tyrosine-phosphorylated
proteins were immunoblotted as described in
"Materials and Methods."
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Fig. 7. Decrease of phosphorylation of pplSO and pplÃ³Oafter the removal of
IGF-I. Serum-starved NL-17 cells were incubated with 50 ng/VI of IGF-I at 37'C
for 5 min. The cells were washed at time 0, further incubated in serum-free RPMI
1640 medium at 37'C for indicated the time period, and immediately lysed.
Tyrosine-phosphorylated proteins were immunoblotted as described in "Materials
and Methods."

two cell types in terms of its number or dissociation constant,
determined by Scatchard analysis (7). In the present study, NL-
17 cells have been compared with NL-44 cells for the signal
transduction pathway of IGF-I. First, IGF-I receptors of both
cell types were identified by affinity labeling, and there was no
significant difference in the amount of the receptors between
the two cell types, in support of our previous results. Then, the
autophosphorylation of the IGF-I receptor was examined. Al
though the autophosphorylation was observed in the /S-subunit
of both NL-17 and NL-44 cells, the levels of autophosphory
lation seemed to be equal between the two cell types. This
suggests that NL-17 and NL-44 cells are not significantly
different in the intrinsic tyrosine kinase activity of their IGF-I
receptors. However, when IGF-I-dependent tyrosine phosphor
ylation of cellular components was examined, remarkable ty
rosine phosphorylation of ppl 50 and ppl60 was found in NL-
17 cells. In contrast, this phosphorylation stayed at significantly
lower levels in NL-44 cells than in NL-17 cells. The phosphor-

ylation of ppl 50 and pplÃ³O was rapidly induced within 10 s
after the addition of IGF-I and reached its maximal level by 30
s. When IGF-I was removed, ppl 50 and pplÃ³Oquickly became
undetectable within 15 min. This phosphorylation was not
induced by PDGF or EGF. PDGF induced tyrosine phosphor
ylation of a A/r 145,000 protein that was observed to be very
close to the pplSO on the immunoblot. PDGF is known to
induce tyrosine phosphorylation of phospholipase CT, with a
molecular weight of 145,000, in some cell types (28). The M,
145,000 protein in NL-17 cells was preliminarily identified as
phospholipase CT and was different from the pplSO.4 There

fore, the phosphorylation of pplSO and pplÃ³Ostrictly depends
on the presence of IGF-I. The ppl 50 and pplÃ³Owere absorbed
to WGA-agarose and found in the soluble fraction of cytoplasm
and not in the membrane or the cytoskeleton. These results
suggest that ppl50 and ppl60 are possible endogenous sub
strates of IGF-I receptor kinase, and the phosphorylated ppl 50
and ppl60 may mediate the higher proliferative response of
NL-17 cells to IGF-I. It is known that lipocortin, one of the
endogenous substrates of EGF receptor kinase (29), relocalizes
from cytoplasm to membrane in the presence of calcium. How
ever, such relocalization was not observed in the case of ppl 50
and ppl60.

A possible explanation for the higher level of phosphorylation
of pp 150 and pp 160 observed in NL-17 cells is that NL-17 cells
may contain a higher amount of unphosphorylated forms of
pp 150 and pp 160 than NL-44 cells, or that phosphatase activity
to phosphorylated ppl50 and ppl60 may be higher in NL-44
cells than in NL-17 cells. It is also possible that NL-44 cells
phosphorylate ppl50 and ppl60 more slowly or more tran
siently than NL-17 cells and that ppl50 and ppl60 may be not
the direct substrates of IGF-I receptor kinase but those of an
unknown kinase which could be differentially activated by IGF-
I in the two cell types.

Potential endogenous substrates of insulin receptor kinase
and IGF-I receptor kinase have been observed in several cell
types. The M, 185,000 proteins were found to be rapidly tyro
sine phosphorylated in Fao hepatoma cells stimulated by insulin
(30, 31) and in Madin-Darby canine kidney cells stimulated by
IGF-I (20). Although the molecular weight is not the same,

4 T. Yamori and S. Iwashita, unpublished data.
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1234
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-69

-46
Fig. 8. Affinity of pp 150 and pp 160 to WGA. The NL-17 cells were incubated

with "P, in serum- and phosphate-free medium at 37'C for 4 h. Then, the cells
were incubated with (Lanes 2 and 4) or without (Lanes I and 3) 50 ng/jil of IGF-
I at 37'C for 5 min. The cell extracts were immediately prepared and incubated
with WGA-agarose. WGA-nonabsorbed fractions (Lanes I and 2) and WGA-
absorbed fractions (Lanes 3 and 4) were analyzed by SDS-PAGE on a 7.5%
polyacrylamide gel under reducing conditions. The dried gel was exposed to X-
ray film for I day.

Control Ca EGTA

M M M
IGF-I _+_+_+ -+ - + -

m
(kDa)

-200

PP150'

-92.5

Â»I -69

-46
Fig. 9. Subcellular localization of ppl50 and ppl60. Serum-starved NL-17

cells were incubated with or without 50 ng/>l of IGF-I at 37'C for 5 min. The
cells were immediately disrupted in detergent-free lysis buffer containing none
(Control) or 5 mM CaClj (Ca) or 5 mM ethyleneglycol bis(/3-aminoethyl ether)-
AW,Ap,Ar-tetraacelic acid (EGTA). The soluble (C) and paniculate (A/) fractions
were separated by centrifugation and extracted by lysis buffer. Phosphorylated
proteins at tyrosine residues were immunoblotted by aPTMAb, as described in
"Materials and Methods."

pplSO and pploO are similar to the M, 185,000 proteins in the
following properties: lack of affinity to WGA, a rapid onset of
phosphorylation following addition of the growth factor, and
subsequent reduction after its removal. Purification of pplSO
and pploO is necessary for more precise comparison. Other
proteins phosphorylated by IGF-I stimulation have been re

ported; these include a M, 175,000 cytoskeletal protein in
FRTL-5 thyroid cells (21), a A/r 240,000 protein in KB cells
(20), and M, 170,000 and M, 220,000 proteins in Rat 1 fibro-
blasts (32). However, the biological outcome of tyrosine phos
phorylation of these cellular proteins is still unclear. Highly
met Â¡isiat ic NL-17 cells and IGF-I might provide another system
in which to elucidate the role of these cellular substrates in the
biological pathway of IGF-I signal transduction. We are puri
fying pplSO and pploO to investigate their biological status.

The positive participation of IGF-I during the process of
metastasis has recently been suggested. For example, IGF-I
promotes the growth of human osteosarcoma cells (13), which
are clinically known to metastasize frequently to the lung, and
of metastatic melanoma cell lines (12). In addition to these
stimulative effects on the growth of malignant cells, IGF-I
affects various cellular functions which may modify tumor cell
behavior, including activation of cytoskeletal reorganization
(33), proteoglycan synthesis (34), and cellular motility (35).
These biological responses are induced by relatively lower con
centrations of IGF-I than its serum levels (~200 ng/fil) (36). In
this context, it is reasonable to consider that IGF-I could
participate in the metastatic cascade of certain tumor cell
populations. Although the biological function of ppl50 and
pploO is not known at the present time, tyrosine phosphoryla
tion of pplSO and pploO induced by IGF-I may mediate the
biological responses described above and enhance the metastatic
potential of NL-17 cells. Further studies are necessary to cor
relate the phosphorylation of pplSO and pploO to metastatic
potential.

In summary, we have shown that tyrosine phosphorylation
of pplSO and pploO induced by IGF-I is a unique feature of
highly metastatic NL-17 cells. These proteins may play a role
in the IGF-I signal transduction pathway.
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