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Abstract An elevated content of membrane glycoprotein PC-1 has been observed in cells and tissues of insulin
resistant patients. In addition, in vitro overexpression of PC-1 in cultured cells induces insulin resistance associated with
diminished insulin receptor tyrosine kinase activity. We now find that PC-1 overexpression also influences insulin
receptor signaling at a step downstream of insulin receptor tyrosine kinase, independent of insulin receptor tyrosine
kinase. In the present studies, we employed Chinese hamster ovary cells that overexpress the human insulin receptor
(CHO IR cells; ,106 receptors per cell), and transfected them with human PC-1 c-DNA (CHO IR PC-1). In CHO IR PC-1
cells, insulin receptor tyrosine kinase activity was unchanged, following insulin treatment of cells. However, several
biological effects of insulin, including glucose and amino acid uptake, were decreased. In CHO IR PC-1 cells, insulin
stimulation of mitogen-activated protein (MAP) kinase activity was normal, suggesting that PC-1 overexpression did not
affect insulin receptor activation of Ras, which is upstream of MAP kinase. Also, insulin-stimulated phosphatidylinositol
(PI)-3-kinase activity was normal, suggesting that PC-1 overexpression did not interfere with the activation of this
enzyme by insulin receptor substrate-1. In these cells, however, insulin stimulation of p70 ribosomal S6 kinase activity
was diminished. These studies suggest, therefore, that, in addition to blocking insulin receptor tyrosine kinase activation,
PC-1 can also block insulin receptor signaling at a post-receptor site. J. Cell. Biochem. 68:366–377, 1998.
r 1998 Wiley-Liss, Inc.
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The interaction of insulin with target cells is
mediated by a specific tetrameric a2b2 glycopro-
tein receptor in the plasma membrane [Czech,
1989; Goldfine, 1987; Kahn and White, 1988;
Yarden and Ullrich, 1988]. The a-subunits (Mr 5
130,000 each) contain insulin binding sites, and
the b-subunits (Mr 5 95,000 each) have tyro-
sine kinase activity in their intracellular do-
mains. When insulin binds to the a-subunit of
the receptor, tyrosine autophosphorylation of
the receptor b-subunit occurs, resulting in con-
formational changes in the b-subunit [Maddux

and Goldfine, 1991] and activation of receptor
tyrosine kinase [Czech, 1989; Goldfine, 1987;
Kahn and White, 1988; Yarden and Ullrich,
1988]. After these processes occur, the insulin
receptor tyrosine kinase directly interacts with
and phosphorylates insulin receptor substrate-1
(IRS-1) [Kovacina and Roth, 1993; Myers and
White, 1993] and possibly other molecules, such
as SHC [Kovacina and Roth, 1993], leading to
activation of several intracellular signaling
pathways.

Defects in insulin receptor signaling are ob-
served in most patients with non-insulin-depen-
dent diabetes mellitus (NIDDM); these defects
most likely consist of both genetic and acquired
components [Olefsky, 1980; Reaven et al., 1983].
Among patients with extreme insulin resis-
tance and acanthosis nigricans, several have
been shown to have structural abnormalities in
their insulin receptors caused by sequence
variations in the insulin receptor gene [Moller
and Flier, 1991; Seino et al., 1990; Taylor et al.,
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1990]. Insulin receptor tyrosine kinase activity
is moderately impaired in most patients with
NIDDM [Haring and Obermaier-Kusser, 1989],
but abnormalities in the sequence of the insulin
receptor gene do not appear to be the major
cause of the decreased kinase activity in the
vast majority of patients examined [Moller and
Flier, 1991]. Thus, the defect(s) in insulin recep-
tor activation that occurs in patients with
NIDDM appears to involve molecules, apart
from the receptor, that are capable of regulat-
ing receptor function.

In insulin-sensitive tissues such as muscle
and fat [Frittita et al., 1997; Frittita et al.,
1996; Youngren et al., 1996], we have recently
reported: (1) presence of the inhibitor of insulin
receptor tyrosine kinase, called the class II
membrane glycoprotein, PC-1; and (2) inverse
correlation between PC-1 content and insulin
sensitivity. PC-1 was initially reported to be
present in skin fibroblasts from certain insulin
resistant patients [Sbarccia et al., 1991]. Over-
expression of PC-1 in cultured breast cancer
cells transfected with PC-1 cDNA reduces both
insulin action and insulin receptor tyrosine ki-
nase activity [Maddux et al., 1995]. These stud-
ies raised the possibility that PC-1 plays a role
in insulin resistance of certain patients.

In tissues of insulin-resistant subjects, in ad-
dition to defects in insulin receptor activation,
post-receptor defects have been observed [Olef-
sky and Nolan, 1995]. In the present study, we
have explored whether PC-1 also influences
insulin action at a post-receptor step, in addi-
tion to its ability to influence insulin receptor
activation. In CHO cells overexpressing the
human insulin receptor, co-overexpression of
PC-1 decreases several biological effects of insu-
lin. In these cells, however, insulin receptor
tyrosine kinase activity is not significantly re-
duced. These studies suggest, therefore, that
PC-1 overexpression can also influence insulin
receptor signaling at a post-receptor site, inde-
pendent of insulin receptor tyrosine kinase.

MATERIALS AND METHODS

All radiochemicals were obtained from New
England Nuclear (Boston, MA): 125I-insulin
(2,000 Ci/mmol), [35S]38-phosphoadenosine,
58-phosphosulfate (PAPS), [3H]2-deoxy-D-glu-
cose (2-DG; 30 Ci/mmol), [3H]-a-aminoisobu-
tyric acid (AIB; 33 Ci/mmol), [3H]thymidine (20
Ci/mmol), and [g-32P]ATP (1,000–3,000 Ci/
mmol). Antibodies to phosphotyrosine (a-PY)

were obtained from Upstate Biotechnology
(Lake Placid, NY). An antibody specific to the
human insulin receptor, MA-20, was prepared
as previously described [Forsayeth et al.,
1987a,b] and employed to capture the human
insulin receptor in plate capture assays [Hagino
et al., 1994]. An antibody to the C-terminus of
the insulin receptor, a-CT-1 (which is not spe-
cies specific), was a gift of Dr. K. Siddle (Cam-
bridge University, UK), and was used to immu-
noprecipitate the endogenous Chinese hamster
insulin receptor. Polyclonal rabbit antiserum
against p70S6K was a generous gift of Dr. John
Blenis [Chung et al., 1994].

Transfection of Chinese Hamster Ovary Cells

Untransfected wild-type Chinese hamster
ovary (CHO WT) and CHO cells transfected
with human insulin receptor cDNA (CHO IR)
were obtained as previously described [Ellis et
al., 1986]. Next, they were both transfected
with a human PC-1 expression vector using a
calcium phosphate precipitation method
(Strategene) as previously described [Ausubel
et al., 1991]. For CHO WT cells, neomycin resis-
tance was employed as a selectable marker. For
CHO IR cells, hygromycin resistance was em-
ployed as a selectable marker.

125I-Insulin Binding

Cells were grown in 24-well tissue culture
plates until they reached confluency. They were
rinsed twice with phosphate-buffered saline
(PBS) and incubated for 16 h at 4°C in 0.5 ml of
binding buffer containing 120 mM NaCl, 1.2
mM MgSO4, 15 mM sodium acetate, 5 mM KCl,
10 mM glucose, 1 mM EDTA, 10 mg/ml bovine
serum albumin (BSA), 1 mg/ml bacitracin, 50
mM Hepes, pH 7.8, and 40 pM 125I-insulin with
increasing concentrations of unlabeled insulin.
After cells were washed twice with PBS at 4°C,
they were lysed with 0.03% SDS and the cell-
associated radioactivity measured in a g-scintil-
lation counter (Beckman Instruments, PaloAlto,
CA). Binding was corrected for nonspecific 125I-
Insulin binding (,5% of total binding) as deter-
mined by incubation of cells in the presence of 1
µM unlabeled insulin [Forsayeth et al., 1987a].

Insulin Receptor Tyrosine Kinase Activity
as Measured by Western Blotting Analysis

Following treatment with insulin for 5 min,
cells were solubilized in a 1% Triton X-100 lysis
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buffer [Hawley et al., 1989; Sung et al., 1989].
The cell lysates of CHO WT cells (100 mg) were
first immunoprecipitated with a-CT-1 and then
resolved by 8–16% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)
under reducing conditions. Cell lysates of CHO
IR cells (30 µg) were directly subjected to SDS-
PAGE. Next, proteins were electrophoretically
transferred onto nitrocellulose membranes. The
membranes were incubated with a-PY, further
incubated with second antibody conjugated with
horseradish peroxidase (HRP), and developed
by employing [Sung et al., 1994] an enhanced
chemiluminescence (ECL) detection system
(Amersham, Arlington Heights, IL).

Insulin Receptor Tyrosine Kinase Activity as
Measured by Plate Capture Assay

In this investigation, 96-well plates were
coated for 18 h at 4°C with 100 µl of MA-20 (2
µg/ml) in 50 mM sodium bicarbonate, pH 9.0,
washed three times with TBST (20 mM Tris,
pH 7.4, 150 mM NaCl, 0.05% Tween-20), and
blocked with 1% BSA in TBST. After washing
three times with TBST, 100 µl of CHO IR cell
lysate (1 µg) in 50 mM Hepes, pH 7.6, 1% Triton
X-100, 1 mM PMSF, 2 mM sodium orthovana-
date was added to each well and incubated for 2
h at 22°C. After washing five times with TBST,
100 µl of biotinylated a-PY (0.3 µg/ml), diluted
in 50 mM Hepes, pH 7.6, 150 mM NaCl, 0.05%
Tween 20, 1 mM PMSF, 2 mM sodium ortho-
vanadate and 1 mg/ml bacitracin (Buffer A) was
added to each well. After 2 h at 22°C, plates
were washed five times, and incubated with
100 µl of secondary antibody conjugated with
streptavidin HRP (0.1 µg/ml) in Buffer A for 30
min at 22°C. After washing, O-phenylenedi-
aminedihydrochloride (0.67 mg/ml) containing
H202 (0.4 ml/ml) was added and the color quan-
titated using a plate reader.

2-Deoxy-Glucose Uptake

Cells were grown to semiconfluence in 24-
well plates and preincubated for 18 h in me-
dium containing 0.5% fetal calf serum (FCS)
and 1 µM dexamethasone. Cells were washed
with PBS and incubated for 30 min at 37°C
with increasing concentrations of insulin in 1.47
mM K2HPO4, pH 7.4, 140 mM NaCl, 1.7 mM
KCl, 0.9 mM CaCl2, 0.1% BSA. Measurements
were initiated by the addition of [3H]-2-deoxy-
glucose (2-DG) (0.4 µCi/ml). After 30 min, cells
were washed twice with PBS containing 20 mM

glucose, solubilized with 0.03% SDS, and cell-
associated radioactivity was measured [Bru-
netti et al., 1989].

a-Aminoisobutyric Acid Uptake

Cells were grown as described in the 2-DG
uptake assay, incubated with insulin for 2 h at
37°C in 10 mM Hepes, pH 7.4, 1.28 mM CaCl2,
140 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl2, 1
mM NaPO4, 5.5 mM glucose, 0.5% BSA. Mea-
surements were initiated by addition of [3H]-
aminobutyric acid (AIB) (1 µCi/ml). After 20
min, cells were washed twice with PBS at 4°C,
solubilized with 0.03% SDS, and the cell associ-
ated radioactivity measured [Hawley et al.,
1989].

Thymidine Incorporation

Cells were grown as described in the 2-DG
uptake assay, and incubated with insulin for 18
h at 37°C. The cells were further incubated
with [3H]thymidine (0.5 µCi/ml) for 2 h. Next,
cells were washed with PBS at 4°C, and solubi-
lized with 0.03% SDS. Aliquots of the solubi-
lized cells were precipitated with TCA (10%
final concentration), and centrifuged. The pel-
lets were washed with 5% TCA at 4°C, dis-
solved in 0.1 N NaOH, and the radioactivity
measured [Hofmann et al., 1989].

Assay of p70 S6 Kinase

Cells were treated as described in the above
assays, except without dexamethasone, and in-
cubated with insulin for 30 min. Next, cells
were solubilized in S6 kinase lysis buffer [Sung
et al., 1989] and assayed for S6 kinase activity
with Artemia salina shrimp egg 40S ribosomes
as substrate [Sanchez-Margalet et al., 1994;
Zasloff and Ochoo, 1992]. S6 phosphorylation
was analyzed by SDS-PAGE followed by autora-
diography. In some experiments, p70 S6 kinase
was first immunoprecipitated from cell lysates
(100 µg) with polyclonal rabbit a-p70S6K (2 µl)
for 2 h, followed by 1-h incubation with protein
A-Sepharose (30 µl) [Chung et al., 1994; Yama-
moto-Honda et al., 1995]. The resultant immu-
noprecipitates were washed and assayed for S6
kinase activity [Sanchez-Margalet et al., 1994;
Zasloff and Ochoo, 1992].

Assay of Phosphatidylinositol-3-Kinase

Cells were first incubated for 5 min with
insulin, solubilized in lysis buffer, and immuno-
precipitated with a-PY [Sung and Goldfine,
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1992]. Phosphatidylinositol-3-kinase (PI-3-ki-
nase) activity was measured directly in these
immunoprecipitates in 50 µl of a reaction mix-
ture containing 0.2 µg/ml phosphatidylinositol
(PI), 20 mM Hepes, pH 7.1, 0.4 mM EGTA, 0.4
mM sodium phosphate, 10 mM MgCl2, and
[g-32P]ATP (40 µM, 5 µCi). After 5 min, the
reaction was stopped by the addition of 15 µl of
4 N HCl and 130 µl of chloroform:methanol
(1:1); 30 µl of the lower layer was spotted on a
Silica Gel 60 plate (Merck), preactivated with
1% potassium oxalate at 100C and analyzed by
thin-layer chromatography. PI-3-phosphate
(PIP) spots were excised and radioactivity mea-
sured in a liquid scintillation counter [Ende-
mann et al., 1990; Kelly et al., 1992].

Assay of Mitogen-Activated Protein Kinase

Soluble cell lysates were prepared as de-
scribed in the PI-3-kinase assay. Next, MAP
kinase was immunoprecipitated with 2.5 µg
a-mitogen-activated protein (MAP) kinase anti-
bodies (Santa Cruz Biotechnology). MAP ki-
nase activity was measured directly in these
immunoprecipitates in 50 µl of a reaction mix-
ture containing 0.5 µg/ml myelin basic protein
(MBP), 25 mM Hepes, pH 7.4, 10 mM MgCl2, 1
mM DTT, and [g-32P] ATP (40 µM, 5 µCi) [Ende-
mann et al., 1990]. After 20-min incubation at
30°C, aliquots of reaction mixture were spotted
on P81 phosphocellulose filter paper. These fil-
ters were next washed three times in 10 mM
phosphoric acid, air dried, and the radioactivity
measured in a liquid scintillation counter.

Phosphoadenosine Phosphosulfate Hydrolysis

Cells were solubilized for 1 h at 4°C in 150
mM NaCl, 1% Triton X-100, 1 mM PMSF, and
20 mM imidazole, pH 7.8. Supernatants (0.05–3
µg protein) were then assayed for phosphoad-
enosine phosphosulfate (PAPS) hydrolytic activ-
ity in 20-µl reaction buffer (0.1 M 2-amino-2-
methyl-1-propanol-HCl, pH 9.4, 5 mM MgCl2)
containing 9 nmol [35S]38-phosphoadenosine, 58-
phosphosulfate (NEN). After 30 min at 37°C, 25
µl of 0.1 M sodium acetate (pH 5.5) was added,
and samples were boiled 1 min. Then 0.5 ml
activated charcoal (40 mg charcoal/ml in 20
mM sodium sulfate) was added. After 10 min on
ice, tubes were centrifuged, and the radioactiv-
ity in supernatants measured in a liquid scintil-
lation counter [Maddux et al., 1995].

Other Assays

Insulin receptor [Pezzino et al., 1989] and
human PC-1 [Horie et al., 1989] contents were
measured by radioimmunoassay (RIA). Protein
was measured by the method of Lowry [Lowry
et al., 1951].

RESULTS
Insulin Receptor Tyrosine Kinase Assays

We first studied the effect of PC-1 overexpres-
sion in wild-type CHO cells (CHO WT) (Fig. 1).
These cells were transfected with an expression
plasmid containing human PC-1 cDNA (CHO
PC-1). PC-1 activity in the transfected cells (as
measured by PAPS degradation activity), was
1,650 nmol/mg protein, whereas PC-1 activity
in transfection controls containing the select-
able marker only (CHO NEO) was 20 nmol/mg
protein. 125I-insulin binding in both cell lines
was similar (Fig. 1a). Next, we stimulated CHO
PC-1 and CHO NEO cells with insulin, solubi-
lized, immunoprecipitated with a-CT-1, and sub-
jected the immunoprecipitates to SDS-PAGE
followed by Western blotting analysis with a-
PY. In CHO PC-1 cells, insulin stimulation of
insulin receptor autophosphorylation was de-
creased when compared to that in CHO NEO
cells (Fig. 1b).

Next, we studied CHO cells transfected with
human insulin receptor cDNA and overex-
pressed the human insulin receptor (CHO IR).
Both CHO IR cells and transfection control
cells containing the selectable marker only
(CHO IR HYG cells) had a PC-1 activity of 2
nmol/mg protein, whereas CHO IR cells overex-
pressing PC-1 (CHO IR PC-1) had PC-1 activi-
ties of 2,800–4,200 nmol/mg protein. 125I-insu-
lin binding was similar in all types of cells,
suggesting that PC-1 overexpression in CHO
IR cells did not alter binding of insulin to the
insulin receptor (Fig. 2a). Next, we stimulated
CHO IR HYG and CHO IR PC-1 cells with
insulin, solubilized, and subjected the cell ly-
sates to SDS-PAGE, followed by Western blot-
ting analysis with a-PY. Insulin stimulation of
both insulin receptor b-subunit tyrosine auto-
phosphorylation and p185 tyrosine phosphory-
lation was similar in both cell lines (Fig. 2b).
We also measured insulin receptor tyrosine ki-
nase activity by employing a plate capture as-
say (Fig. 2c). Again, insulin-stimulated insulin
receptor b-subunit tyrosine autophosphoryla-
tion was similar in all cell lines.
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Metabolic and Mitogenic Functions of Insulin
in Cells Co-overexpressing Both the Insulin

Receptor and PC-1

We studied several biological functions of in-
sulin in CHO IR PC-1 cells (Fig. 3a). In CHO IR
cells and CHO IR HYG cells, insulin stimula-
tion of 2-DG uptake was similar. One-half maxi-
mal effects of insulin were observed at 0.1 nM
and maximal effects observed at 10 nM. At 10
nM, 2-DG uptake was 90% over basal. In all
three independent clones co-overexpressing the
insulin receptor and PC-1 (CHO IR PC-1A,B,C),
insulin responsiveness for this function was
decreased. At 10 nM insulin, the stimulation of
2-DG uptake was only 45-55% over basal. PC-1
overexpression did not influence basal 2-DG
uptake (Fig. 3a).

Next, insulin stimulation of the uptake of the
non-metabolizable amino acid, AIB, was stud-
ied. In both CHO IR cells and CHO IR HYG
cells, insulin stimulation of this function was
similar (Fig. 3b). At 10 nM insulin, AIB uptake
was 100% over basal. In contrast, in all three
CHO IR PC-1 cell lines, AIB uptake at 10 nM

insulin was only 40% over basal or less. PC-1
overexpression did not influence basal AIB up-
take (Fig. 3b).

Finally, we studied insulin stimulation of
[3H]thymidine incorporation into DNA. Unlike
2-DG uptake and AIB uptake, there was no
difference in insulin stimulation of this func-
tion in CHO IR, CHO IR HYG, and CHO IR
PC-1 cells (Fig. 3c). PC-1 overexpression did not
influence basal [3H]thymidine incorporation into
DNA (Fig. 3b).

Intracellular Signaling Pathways

The above studies indicated that PC-1 co-
overexpression in CHO IR cells induced selec-
tive changes in post-receptor signaling. We next
studied three intracellular enzymes that may
play a role in insulin receptor signaling. First,
we investigated PI-3-kinase activity. In CHO
IR and CHO IR HYG cells, as expected, insulin
markedly enhanced this function (Fig. 4a). In
CHO IR PC-1 cells, insulin stimulation of PI-3-
kinase activity was normal.

Fig. 1. Effect of PC-1 overexpression in CHO WT cells on insulin
receptor functions. A: Insulin binding in CHO cells. CHO WT, CHO
PC-1, and CHO NEO cells were incubated with 125I-insulin and specific
insulin binding to cells measured. Each value is the mean SD of triplicate
determinations. B: Insulin receptor tyrosine autophosphorylation by
insulin in CHO cells. CHO neo and CHO PC-1 cells were incubated with
increasing concentrations of insulin. The cells were solubilized and
immunoprecipitated with a-CT-1. These immunoprecipitates were sub-
jected to SDS PAGE followed by Western blotting analysis with a-PY.

A

B
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Second, we investigated p70 S6 kinase activ-
ity in response to insulin. This enzyme is acti-
vated downstream of PI-3-kinase activation
[Cheatham et al., 1994; Sanchez-Margalet et
al., 1994]. When compared to either CHO IR or
CHO IR HYG cells, CHO IR PC-1 cells showed
a decrease in insulin stimulation of p70 S6
kinase (Fig. 4b). Expression of this protein was
unchanged among the various clones (data not
shown). In four separate experiments, p70 S6
kinase activity in CHO IR versus CHO IR PC-1
cells, was 17320 vs 1226% over basal at 1 nM
insulin, and 304 6 62 versus 203 6 18% over
basal at 100 nM insulin.

To ascertain that we measure p70 S6 kinase
in the study, not other forms of S6 kinases, we
have also immunoprecipitated p70 S6 kinase

using polyclonal rabbit antiserum to p70S6K and
assayed these immunoprecipitates for S6 ki-
nase activities. The data clearly indicate that
S6 kinase activities in these a-p70S6K immuno-
precipitates were decreased in CHO IR PC-1
cells comparing with those in CHO IR HYG
cells (Fig. 4c). There was no significant de-
crease in basal S6 kinase activity in CHO IR
PC-1 cells versus CHO IR HYG cells. In CHO
PC-1 cells, p70 S6 kinase activity was also
decreased comparing with that in CHO NEO
cells as expected (Fig. 4c).

Third, we investigated MAP kinase, an en-
zyme regulated by Ras [Roberts, 1992]. Insulin
stimulation of this function was similar in all
cells, including CHO IR, CHO IR HYG, and
CHO IR PC-1 (Fig. 4d).

Fig. 2. Effect of PC-1 overexpression in CHO IR cells on
insulin receptor functions. A: Insulin binding in CHO IR cells.
CHO IR, CHO IR HYG, and CHO IR PC-1 cell lines were
incubated with 125I-insulin and increasing concentrations of
unlabeled insulin, and specific insulin binding to cells mea-
sured. Each value is the mean SD of triplicate determinations.
B: Tyrosine phosphorylation of proteins by insulin in CHO IR
cells. CHO IR and CHO IR PC-1 cells were incubated with

increasing concentrations of insulin and were solubilized. These
cells lysates were then subjected to SDS-PAGE followed by
Western blotting analysis with a-PY. C: Insulin receptor kinase
plate capture assay. Employing the same cell lysates prepared in
Figure 2b, the insulin receptor was captured on a plate coated
with anti insulin receptor antibody, MA-20. Insulin receptor
tyrosine autophosphorylation was then measured with an a-PY
readout system.

A C

B
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DISCUSSION

Previously, we reported that fibroblasts from
a patient with severe insulin resistance and
NIDDM had elevated levels of the membrane
glycoprotein, PC-1 [Maddux et al., 1995]. In
these cells overexpressing PC-1, insulin-stimu-
lated insulin receptor tyrosine kinase activity
was markedly diminished. As a consequence,
several biological effects of insulin were also
diminished including amino acid uptake, glu-
cose uptake, and thymidine incorporation [Mad-
dux et al., 1995].

In muscles from obese and non-obese human
subjects, we measured insulin receptor tyro-
sine kinase activity and PC-1 content and corre-
lated these measurements with in vivo insulin
sensitivity [Frittita et al., 1996; Youngren et al.,
1996]. In these muscle specimens, PC-1 content
correlated with decreased in vitro insulin acti-
vation of insulin receptor tyrosine kinase activ-
ity. Moreover, muscle PC-1 content correlated
with in vivo insulin resistance. A similar find-
ing was made in fat tissues [Frittita et al.,
1997].

In human breast cancer MCF-7 cells that
were transfected with PC-1 cDNA and overex-
pressed PC-1 protein, insulin stimulation of
insulin receptor tyrosine kinase activity and
phosphorylation of the major cellular substrate
for the insulin receptor, IRS-1, were decreased
[Maddux et al., 1995]. In these cells, several
biological functions of insulin were also attenu-
ated [Maddux et al., 1995]. Overexpression of
PC-1, however, did not inhibit the activity of
other tyrosine kinases including the closely re-
lated IGF-1 receptor and EGF receptor. These
studies indicated therefore that overexpression
of PC-1 in insulin sensitive cells decreased spe-

Fig. 3. Effect of PC-1 overexpression in various CHO IR cells
on several biological functions of insulin. Cells were incubated
with increasing concentrations of insulin and processed to
measure biological functions as described in Methods. The data
are presented as percentage increase over basal. A: Insulin
stimulation of [3H]2-DG uptake. Basal 2-DG uptake was 57
pmoles/mg protein in CHO IR cells; 53 pmoles/mg protein in
CHO IR HYG cells; and 52, 78, and 49 pmoles/mg protein in
CHO IR PC-1 cell lines A, B, and C, respectively. B: Insulin
stimulation of [3H]AIB uptake. Basal AIB uptake was 14.5
pmoles/mg protein for CHO IR cells; 14.6 pmoles/mg protein in
CHO IR HYG cells; and 15.0, 16.0, and 13.3 pmoles/mg protein
for CHO IR PC-1 cell lines A, B, and C, respectively. C: Insulin
stimulation of [3H]thymidine incorporation. Basal thymidine
incorporation was 20.3 pmoles/mg protein in CHO IR cells;
19.0 pmoles/mg protein in CHO IR HYG cells; and 18.5
pmoles/mg protein in CHO IR PC-1 A cells.

A

B

C
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cifically insulin receptor tyrosine kinase activ-
ity, and consequently decreased several biologi-
cal functions of insulin.

In the present study, we investigated whether
overexpression of PC-1 has inhibitory effects on

insulin receptor signaling at steps downstream
of insulin receptor tyrosine kinase. To accom-
plish this aim, we have employed CHO cells
overexpressing the insulin receptor, and co-
overexpressing PC-1 (CHO IR PC-1). When

Fig. 4. Effect of PC-1 overexpression in CHO IR cells on various
intracellular enzyme pathways in CHO IR, CHO IR HYG, and CHO IR
PC-1 cells. Cells were first stimulated with insulin, solubilized, and cell
lysates analyzed as described in Methods. Representative experiments
are shown. Several clones of CHO-IR PC-1 cells were tested with similar
results. A: PI-3-kinase activation by insulin. Phosphorylation of PI, PI-3-P
is shown arrow). B: p70 S6 kinase activation by insulin. Cell lysates were
used in assays. C: p70 S6 kinase activation by insulin. P70 S6 kinase was
first immunoprecipitated, and these immunoprecipitates were used in
assays as described in Materials and Methods. D: MAP kinase activation
by insulin. [32P]-ATP incorporation into myelin basic protein MBP)
cpm/mg protein) is shown.

A

B

C

D
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CHO WT cells, which have approximately 5,000
insulin receptors per cell, were transfected with
PC-1, insulin stimulated insulin receptor tyro-
sine kinase activity was diminished. These stud-
ies complement our previous studies, suggest-
ing that, when cells with lower numbers of
insulin receptors overexpress PC-1, insulin-
stimulated insulin receptor tyrosine kinase ac-
tivity is diminished. In our present study with
CHO IR cells, a different picture emerged. These
cells have more than 106 insulin receptors per
cell. When these cells co-overexpressed PC-1,
there was no significant diminishment of insu-
lin stimulated insulin receptor tyrosine auto-
phosphorylation, as measured either by West-
ern blotting analysis (Fig. 2b) or by insulin
receptor plate capture assays (Fig. 2c). More-
over, there was no diminishment of the tyrosine
phosphorylation of IRS-1 (Fig. 2b). These stud-
ies may suggest therefore that, by overexpress-
ing large numbers of insulin receptors, the in-
hibitory effect of PC-1 on insulin receptor
tyrosine kinase activity could be overcome.

However, in these cells, two metabolic func-
tions of insulin, glucose and amino acid uptake
(Fig. 3a,b), were diminished in all three indepen-
dent clones of CHO IR PC-1 cells. These data
strongly argue against a clonal variation to
explain PC-1 effects on CHO IR PC-1 cells. It
should be noted that CHO cells contain mainly
Glut 1, but not Glut 4, which is a major insulin
responsive glucose transporter. Recent studies,
however, suggest that both Glut 1 and Glut 4
get translocated to the plasma membrane in
response to insulin to increase glucose trans-
port [Nishimura and Simpson, 1994; Yang et
al., 1996; Yang and Holman, 1993]. Further
studies with Glut 4 expressing cells are neces-
sary to define the role of PC-1 overexpression in
insulin-stimulated glucose transport.

P70 S6 kinase activation was also dimin-
ished in these cells. Stimulation of thymidine
incorporation into DNA by insulin, however,
was normal. These data indicate that PC-1 can
reduce the biological functions of insulin even
without decreasing insulin receptor tyrosine
kinase activity. These studies also indicated
that the effect of PC-1 on the intracellular insu-
lin receptor signaling system was selective.

Recent studies have indicated that the insu-
lin receptor tyrosine kinase, like other tyrosine
kinases, uses several common signaling path-
ways to elicit biological effects [Jhun et al.,
1994; Kovacina and Roth, 1993; White and

Kahn, 1994]. One pathway involves the interac-
tion of the p85 regulatory subunit of PI-3-
kinase with tyrosine phosphorylated IRS-1 via
the SH-2 domains of p85 [Myers M and White,
1993; Songyang et al., 1993]. When p85 binds to
IRS-1, the p110 catalytic subunit of PI-3-kinase
is activated [Carpenter et al., 1993]. The second
signaling pathway involves interaction of the
adaptor protein GRB-2 with phosphorylated
tyrosines of IRS-1 or SHC via SH-2 domains of
GRB-2 [Baltensperger et al., 1993; Myers and
White, 1993; Skolnik, 1993]. This interaction
may then activate SOS that is bound to GRB-2,
leading to activation of the Ras pathway [Mad-
dux et al., 1995].

Accordingly, we investigated the effect of PC-1
co-overexpression in CHO IR cells on both path-
ways. Co-overexpression of PC-1 with the insu-
lin receptor did not appear to affect the Ras
pathway since MAP kinase, which is down-
stream of Ras activation, was normal. Co-
overexpression of PC-1 did not influence PI-3-
kinase activity either. We and others have
shown that the inhibition of PI-3-kinase by
specific chemical inhibitors leads to abolition of
both insulin-induced DNA synthesis and p70
S6 kinase activity, and a partial decrease of
insulin induced glucose and amino acid uptake
[Cheatham et al., 1994; Sanchez-Margalet et
al., 1994]. Given these data, we hypothesize
that PC-1 inhibited insulin receptor signaling
downstream of PI-3-kinase activation. Since
DNA synthesis was not affected, we further
conclude that there are two separate pathways
downstream of PI-3-kinase to stimulate p70 S6
kinase and DNAsynthesis, and that PC-1 inhib-
its the p70 S6 kinase pathway but not the DNA
synthesis pathway. Whether other signaling
molecules (e.g., PKB/Akt) play a role down-
stream of PI-3-kinase and upstream of insulin
action remains to be elucidated [Hemmings,
1997]. It should be noted that full insulin dose
response experiments for MAP kinase activa-
tion and PI-3-kinase activation may reveal some
changes in these functions. These present stud-
ies indicate therefore that PC-1 inhibits insulin
receptor function via two mechanisms. One
mechanism is by inhibition of insulin receptor
tyrosine kinase, and the other is by inhibition of
signaling pathways downstream of PI-3-ki-
nase.

Although we have demonstrated the ability
of PC-1 to inhibit insulin receptor both in vivo
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and in vitro, the mechanisms of this inhibition
remain unknown. PC-1 is a class II (cytoplas-
mic amino terminus) membrane glycoprotein,
and is the same protein as liver nucleotide
pyrophosphatase/alkaline phosphodiesterase I
[Belli and Goding, 1994; Funakoshi et al., 1992;
Harahap and Goding, 1988; Rebbe et al., 1993].
PC-1 has been reported to be expressed in
plasma and intracellular membranes of plasma
cells, placenta, the distal convoluted tubule of
the kidney, ducts of the salivary gland, epididy-
mis, proximal part of the vas deferens, chondro-
cytes and dermal fibroblasts. PC-1 exists as a
homodimer of 230-260 kDa; the reduced form of
the protein has a molecular weight of 115-135
kDa, depending on the cell type. Human PC-1
is predicted to have 925 amino acids, but the
transcription start site has been controversial.
The PC-1 gene maps to chromosome 6q22-6q23.
While the extracellular domain has enzymatic
activity that hydrolyzes phosphosulfate, pyro-
phosphate, and phosphodiesterase bonds, we
have recently shown that elimination of this
enzymatic activity by mutagenesis does not in-
terfere with the ability of PC-1 to inhibit insu-
lin receptor tyrosine kinase activity when they
were expressed in human mammary epithelial
cell line MCF7 [Grupe et al., 1995]. PC-1 may
influence insulin receptor function directly by
binding to the receptor or may influence insulin
receptor function indirectly by interacting with
other intracellular signaling systems. Both im-
munoprecipitation and cross-linking studies
suggest a direct association of the insulin recep-
tor and PC-1 [Belfiore et al., 1996].

In summary, in addition to its effects on insu-
lin receptor tyrosine kinase activity, we now
find effects of PC-1 on post-receptor signaling of
the insulin receptor. The clinical importance,
however, of PC-1 overexpression in target cells
of insulin resistant humans remains to be dis-
cerned. Given the fact that PC-1 is elevated in
certain clinical conditions of insulin resistance
and that PC-1 overexpression in target cells
blocks both insulin receptor function and down-
stream signaling, it is possible that PC-1 over-
expression plays a role in certain conditions of
insulin resistance.
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