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Insulin can regulate the abundance and organization of filamentous actin within cells in
culture. Early studies using cell lines that overexpress the insulin receptor demonstrated
that insulin caused a rapid reversible disassembly of actin filaments that coincided with
the rapid tyrosine dephosphorylation of focal adhesion kinase. We have extended these
studies by demonstrating that paxillin, another focal adhesion protein, and Src undergo
tyrosine dephosphorylation in response to insulin in Chinese hamster ovary (CHO) and
rat hepatoma (HTC) cells that overexpress the insulin receptor. This contrasted with the
effect of insulin in parental CHO and HTC cells in which focal adhesion proteins were not
dephosphorylated in response to the hormone. In addition, insulin caused a dispersion
of focal adhesion proteins and disruption of actin filament bundles only in cells that
overexpressed the insulin receptor. Moreover, in 3T3-L1 adipocytes, which are consid-
ered prototypic insulin-responsive cells, actin filament assembly was stimulated, and
focal adhesion protein tyrosine phosphorylation was not altered. 3T3-L1 cells have more
insulin receptors than either parental CHO or HTC cells but have fivefold less insulin
receptors than the overexpressing cell lines. We hypothesize that a threshold may exist
in which the overexpression of insulin receptors determines how insulin signaling

pathways regulate the actin cytoskeleton.

INTRODUCTION

Insulin activates the tyrosine kinase activity of the
insulin receptor, leading to rapid tyrosine phosphor-
ylation of insulin receptor substrates (IRSs) 1-3 and
the protein Shc (Pronk et al., 1993; Cheatham and
Kahn, 1995; Lavan et al., 1997; White, 1997). Many of
the phosphorylated tyrosine residues on IRS proteins
engage the Src homology 2 (SH2) domains of signaling
molecules (White and Kahn, 1994; White, 1997). These
signals ultimately lead to the control of glucose and fat
metabolism, protein synthesis, and cell division and
differentiation. In addition to these responses, insulin
also elicits changes in the cytoskeleton, as visualized
in diverse cells in culture. These changes are generally
manifested as membrane ruffles resulting from actin
filament rearrangements (Ridley and Hall, 1992; Tsa-
kiridis et al., 1994; Nobes et al., 1995; Berfield et al.,
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1996). Insulin-regulated effects on the cytoskeleton
may play important roles in cellular functions such as
chemotaxis, vesicle secretion, and endocytosis (Trifaro
and Vitale, 1993; Downey, 1994; Vitale et al., 1995;
Molitoris, 1997). The underside of the cell surface is
associated with the cytoskeleton at focal adhesions,
dynamic regions of the cell where the actin cytoskel-
eton terminates in bundles at the plasma membrane
and where signals from the extracellular matrix are
translated into intracellular signals (Burridge et al.,
1988; Hitt and Luna, 1994; Clark and Brugge, 1995).
Several proteins present in focal adhesion contacts,
such as focal adhesion kinase (FAK) and paxillin, have
been shown to undergo rapid tyrosine phosphoryla-
tion in response to a diverse array of extracellular
signals such as mitogenic neuropeptides, growth fac-
tors, and extracellular matrix proteins (Brown and
Cooper, 1996; Otey, 1996), and these phosphorylations
are accompanied by profound alterations in the orga-
nization of the actin cytoskeleton and the enhanced
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assembly of focal adhesion points. FAK tyrosine auto-
phosphorylation regulates its association with the ty-
rosine kinases Src and Fyn (Schaller et al., 1994; Eide et
al., 1995; Schlaepfer and Hunter, 1997). Together, the
activities of Src and FAK are required for the tyrosine
phosphorylation of other focal adhesion proteins such
as paxillin, and this may be important for the assem-
bly of additional proteins to the adhesion sites
through phosphotyrosine-SH2 domain interaction
(Parsons, 1996; Burridge et al., 1997).

Activation of the platelet-derived growth factor
(PDGF) receptor tyrosine kinase induces tyrosine
phosphorylation of FAK and paxillin and actin stress
fiber assembly (Rankin and Rozengurt, 1994). How-
ever, this applies only for lower concentrations of
PDGF, whereas higher concentrations of PDGF stim-
ulate disassembly of actin filaments and dephosphor-
ylation of the focal adhesion proteins FAK and paxillin
(Rankin and Rozengurt, 1994). Recent studies have
shown that insulin induces dephosphorylation of
these adhesion proteins and reduces actin filament
content in Chinese hamster ovary (CHO) cells overex-
pressing the insulin receptor (Knight et al., 1995; Pillay
et al., 1995). However, in 3T3-L1 adipocytes, widely
used to study insulin responses, insulin increases the
content of actin filaments, causing membrane ruffles
(Martin et al., 1996; Vollenweider et al., 1997; Wang et
al., 1998). These differences prompted us to analyze
whether the number of insulin receptors expressed
within a defined cell can determine the type of re-
sponse of the cytoskeleton to insulin, in analogy to the
biphasic response to PDGF concentrations. We have
therefore compared the action of insulin on the actin
cytoskeleton and focal adhesion proteins in parental
and insulin receptor-overexpressing CHO cells and
rat hepatoma (HTC) cells. A marked difference in the
insulin regulation of the actin cytoskeleton and focal
adhesion proteins was observed in conjunction with
insulin receptor overexpression.

MATERIALS AND METHODS

Materials

a-MEM, FBS, and other tissue culture reagents were purchased
from Life Technologies (Burlington, Ontario, Canada). Human in-
sulin was obtained from Eli Lilly Canada (Toronto, Ontario, Cana-
da). Polyclonal antibodies to FAK, IRS-1, and monoclonal anti-
phosphotyrosine anti-PY antibody conjugated to agarose beads
were purchased from Upstate Biotechnology (Lake Placid, NY).
Rabbit polyclonal antibody to c-Src was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Monoclonal antibodies to vinculin
and paxillin were purchased from Chemicon (Temecula, CA) and
Zymed (San Francisco, CA), respectively. Rhodamine-labeled phal-
loidin was purchased from Molecular Probes (Eugene, OR). All
electrophoresis and immunoblotting reagents were obtained from
Bio-Rad (Mississauga, Ontario, Canada). Cytochalasin D, parafor-
maldehyde, polyacrylamide, and all other reagents were obtained
from Sigma (Oakville, Ontario, Canada).
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Cell Culture

3T3-L1 fibroblasts were grown and differentiated into 3T3-L1 adi-
pocytes as previously described (Volchuk et al.,, 1995). CHO and
HTC cells overexpressing the human insulin receptor (CHO-IR and
HTC-IR) were the kind gift of Dr. Cecil Yip (University of Toronto,
Toronto, Ontario, Canada). These cells as well as the parental,
wild-type lines (CHO-WT and HTC-WT) were maintained in
a-MEM supplemented with 10% FBS in a humidified atmosphere
containing 5% CO, and 95% air at 37°C. Cells used for immunopre-
cipitation experiments were grown in 10-cm? dishes, and those used
for immunocytochemistry were grown on glass coverslips. The cells
were cultured in serum-free medium for 3 h before the addition of
insulin.

Immunoprecipitation

Confluent cultures of cells were treated with insulin (100 nM) for the
times indicated and then lysed at 4°C in lysis buffer containing 10
mM Tris-HCI (pH 7.6), 5 mM EDTA, 50 mM NaCl, 30 mM sodium
pyrophosphate, 50 mM NaF, 1 mM Na;VO,, 1 mM phenylmethyl-
sulfonyl fluoride, and 1% Triton X-100. The lysates were clarified by
centrifugation at 10,000 X g for 10 min, and proteins were immu-
noprecipitated for 2 h at 4°C with anti-PY antibody covalently
coupled to agarose, anti-FAK, or anti-paxillin antibodies, as indi-
cated. FAK or paxillin immunocomplexes were brought down with
protein A-Sepharose and protein G-Sepharose beads (30 ul of a 1:1
slurry in PBS) for 1 h at 4°C, respectively. Inmunoprecipitates were
washed three times with lysis buffer and extracted in SDS-PAGE
sample buffer (200 mM Tris-HCL, 6% SDS, 2 mM EDTA, 4% 2-mer-
captoethanol, and 10% glycerol, pH 6.8) and boiled for 5 min.

Immunoblotting

After SDS-PAGE on 8% polyacrylamide gels, the proteins were
transferred to polyvinylidene difluoride membranes. Membranes
were blocked using Tris-buffered saline (TBS; 3% BSA in 50 mM
Tris-HCl and 100 mM NaCl, pH 7.6) and incubated overnight with
either anti-PY antibody (1:1000), anti-FAK (1:1000), or anti-paxillin
(1:1000) and anti-Src (1:500), as indicated, in TBS containing 0.05%
Tween 20 and 1% BSA. Washes were performed with TBS plus
0.05% Tween 20. Immunoreactive bands were visualized using ei-
ther HRP-conjugated sheep anti-mouse IgG for monoclonal anti-
bodies or HRP-conjugated goat anti-rabbit IgG for polyclonal anti-
bodies and enhanced chemiluminescence (ECL). Images were
quantitated by scanning densitometry.

Immunofluorescence Microscopy

Confluent cell cultures were incubated with insulin at 37°C for the
time indicated. To stain filamentous actin, cells were washed once
with PBS, fixed in 4% paraformaldehyde in PBS for 20 min at room
temperature, and then permeabilized with PBS containing 0.2%
Triton X-100 for 20 min. Cells were incubated with 5% goat serum
in PBS for 20 min and then with rhodamine-conjugated phalloidin
(4 U/ml) in PBS for 30 min. The same fixation and permeabilization
procedure was used with anti-FAK (1:500), anti-paxillin (1:500),
anti-Src (1:500), anti-vinculin (1:200), or anti-PY (1:1000). Goat anti-
rabbit and goat anti-mouse secondary antibodies conjugated to
fluorescein isothiocyanate were used as directed by the supplier
(Jackson ImmunoResearch Laboratories, West Grove, PA). Samples
were viewed by fluorescence microscopy using an inverted Leica
(Northvale, NJ) DM IRB microscope.

RESULTS

Filamentous actin was labeled with rhoda-
mine-phalloidin in 3T3-L1 adipocytes and visualized
by fluorescence microscopy. Actin filaments were de-
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Figure 1. Effect of insulin and cytochalasin D on the actin cytoskeleton and tyrosine phosphorylation of FAK and paxillin in 3T3-L1 adipocytes.
(A) 3T3-L1 adipocytes were grown and differentiated on glass coverslips. The cells were serum deprived for 3 h with no other additions (a), with
insulin treatment for the last 5 min (b), or with treatment with 2 uM cytochalasin D during the entire 3 h (c). All cells were fixed and detergent
permeabilized, and the actin filaments were stained with rhodamine-conjugated phalloidin, as indicated in MATERIALS AND METHODS. (B)
3T3-L1 adipocytes grown in 10-cm dishes were serum deprived for 3 h in the absence (—) or presence (+) of cytochalasin D. Insulin treatments (100
nM) were for the times indicated and were timed so that their total serum deprivation time ended at 3 h. Cell lysates were prepared and
immunoprecipitated with anti-PY conjugated to agarose beads (IP, a-PY), as indicated in MATERIALS AND METHODS. Samples were
immunoblotted (IB) anti-FAK (a-FAK) and anti-paxillin (a-PAX) as indicated. (C) 3T3-L1 adipocytes were treated with insulin (100 nM) for the
times indicated. Cell lysates were prepared and immunoprecipitated with a-FAK or a-PAX antibodies as described in MATERIALS AND
METHODS and then immunoblotted with a-PY as indicated. Shown is one experiment representative of two.

tected in the periphery of unstimulated cells (Figure
1A, left). Insulin treatment for 5 min significantly in-
creased the presence of actin bundles at the cell pe-
riphery (Figure 1A, middle). Treatment of adipocytes
with 2 uM cytochalasin D for 3 h had profound effects
on the rearrangement of actin structures, often causing
the actin fibers to appear as punctate bundles through-
out the cell (Figure 1A, right). Thus, insulin caused
actin filament assembly in 3T3-L1 adipocytes, confirm-
ing earlier reports (Martin et al., 1996; Vollenweider et
al., 1997; Wang et al., 1998).

We next analyzed the effects of insulin on the focal
adhesion proteins FAK and paxillin, because their
state of tyrosine phosphorylation is often linked to
changes in cytoskeleton-dependent changes in cell
morphology (Burridge et al., 1997). FAK and paxillin
were found to be phosphorylated on tyrosine residues
in unstimulated 3T3-L1 adipocytes. Insulin stimula-
tion of adipocytes for 5 or 45 min did not significantly
alter the tyrosine phosphorylation of these proteins.
This was concluded from the levels of immunode-
tected FAK or paxillin in immunoprecipitates of phos-
photyrosine-containing proteins (Figure 1B) as well as
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from the levels of immunodetected phosphotyrosine-
containing proteins in immunoprecipitates of FAK or
paxillin (Figure 1C). Disassembly of actin filaments as
a result of cytochalasin D treatment coincided with
near elimination of the tyrosine phosphorylation of
the two proteins (Figure 1B, second lanes). The net
levels of either FAK (Figure 1B) or paxillin (our un-
published results) proteins were not affected by this
cytochalasin D treatment. Thus, enhanced actin fila-
ment assembly in 3T3-L1 adipocytes had no effect on
the tyrosine phosphorylation status of focal adhesion
proteins. Intriguingly, these observations were basi-
cally opposite to those made for the action of insulin in
CHO cells overexpressing the insulin receptor (CHO-
IR) (Knight et al., 1995; Pillay et al., 1995).

The amount of immunoreactive insulin receptors
was compared in total membrane preparations from
3T3-L1 adipocytes and those from the other cell types
used in this study, using an antibody directed against
the B-subunit of the insulin receptor. Figure 2A illus-
trates that the insulin receptor—overexpressing cell
lines have considerably higher insulin receptor levels
than their parental cell counterparts or the 3T3-L1
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Figure 2. Insulin receptor levels and insulin-stimulated IRS ty-

rosine phosphorylation in each of the cell lines. (A) Confluent
cultures of CHO-WT, CHO-IR, HTC-WT, HTC-IR, and 3T3-L1 cells
were serum deprived for 3 h and treated without or with 100 nM
insulin (as indicated) for 5 min before preparation of total mem-
branes, as outlined in MATERIALS AND METHODS. Equal
amounts of total membrane protein were analyzed by immunoblot-
ting with an anti-B-subunit insulin receptor antibody. Shown is one
experiment representative of three. (B) Confluent cultures of CHO-
WT, CHO-IR, HTC-WT, HTC-IR, and 3T3-L1 cells were serum
deprived for 3 h and treated without or with 100 nM insulin (as
indicated) for 5 min before preparation of whole cell lysates, as
outlined in MATERIALS AND METHODS. Equal amounts of pro-
tein from untreated and insulin-stimulated lysates were immuno-
precipitated with anti-PY and analyzed by immunoblotting with
anti-PY antibody. The bands at a molecular weight of 185,000 rep-
resented the tyrosine phosphorylation of the IRS proteins.

adipocytes. Quantitation of two separate experiments
indicated that the insulin receptor per milligram of
membrane protein in the insulin receptor-overex-
pressing HTC-IR and CHO-IR cell lines was ~10- or
20-fold greater than the levels in the parental cells,
respectively, and fivefold greater compared with the
3T3-L1 adipocytes (Table 1).

As an indicator of how insulin receptor number may
influence insulin action, we determined the degree to
which insulin could stimulate IRS-1 tyrosine phos-
phorylation in response to an acute exposure to insu-
lin (5 min, 100 nM insulin) in each cell type. The
parental CHO-WT and HTC-WT cells showed a mod-
est (twofold) elevation of tyrosine-phosphorylated
levels of IRS-1 (Figure 2B and Table 1), whereas the
insulin receptor-overexpressing cells, as predicted
from the number of insulin receptors, had significantly
higher insulin-stimulated elevations (of approxi-
mately seven- to ninefold) in IRS-1 tyrosine phosphor-
ylation. In 3T3-L1 cells, insulin stimulated IRS-1 ty-
rosine phosphorylation by approximately threefold
(Figure 2B and Table 1). These data suggested that a
difference in insulin receptor number and an increased
insulin signaling potential may reconcile the differ-
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Table 1. Levels of insulin receptor and tyrosine-phosphorylated
IRS-1 in each cell line

IR PY IRS-1
Cell type (relative units) (insulin/control)
3T3-L1 adipocytes 1.0° 3.1 + 0.50°
CHO-WT 0.33 £0.02 2.2 +0.01
CHO-IR 5.6 = 0.15 8.7 = 0.73
HTC-WT 0.45 = 0.06 2.4 +0.23
HTC-IR 5.0+ 0.26 7.3 £0.84

Confluent cultures were serum deprived for 3 h and stimulated
with 100 nM insulin for 5 min. Cell lysates were prepared and either
directly analyzed by SDS-PAGE and immunoblotting of the B-sub-
unit of the insulin receptor (IR) or immunoprecipitated with anti-PY
antibody (a-PY) and immunoblotted anti-PY antibody (a-PY) as
outlined in MATERIALS AND METHODS. The insulin receptor
B-subunit (95 kDa) band and the IRS-1 protein band (180 kDa) were
prominently detected. Results were quantitated using scanning den-
sitometry and are the average of two (insulin receptor) or three
(anti-phosphotyrosine) independent experiments.

2 Data are presented relative to the insulin receptor level in the
3T3-L1 adipocytes, which was ascribed a value of 1.0.

b Data are presented as the ratio of the tyrosine-phosphorylated
IRS-1 protein band detected in insulin-stimulated cells compared
with untreated cells.

ences between cells that overexpress the insulin recep-
tor (Knight et al., 1995; Pillay et al., 1995) and 3T3-L1
adipocytes.

We then measured the effects of insulin on the actin
cytoskeleton and tyrosine phosphorylation of focal
adhesion proteins. Consistent with the published
studies (Knight et al., 1995; Pillay et al., 1995), we
observed that insulin stimulation initiated a time-de-
pendent decrease in the amount of tyrosine-phospho-
rylated FAK and paxillin that could be immunopre-
cipitated by anti-PY antibodies in CHO-IR cells
(Figure 3A). In addition, the level of tyrosine-phos-
phorylated Src was also diminished in CHO-IR cells
during the course of insulin treatment (Figure 3A).
Insulin stimulation did not alter the total protein lev-
els of FAK immunoprecipitated from CHO-IR (Figure
3A) or the levels of paxillin and Src (our unpublished
results), so degradation of proteins could not explain
the decreased levels of tyrosine-phosphorylated focal
adhesion proteins in CHO-IR cells. In contrast, the
parental CHO-WT cells responded to insulin in an
opposite manner. Tyrosine phosphorylation of FAK
and paxillin showed a tendency to rise at 5 and 15 min
after exposure to insulin (Figure 3A). Several experi-
ments were quantitated, and the results are shown in
Figure 3B. Complementary experiments were per-
formed by immunoprecipitating with anti-FAK, anti-
paxillin or anti-Src antibodies, followed by immuno-
blotting with anti-PY antibodies. A representative gel
of these results is illustrated in Figure 3C, and the
scanned values are given in the figure legend. The
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Figure 3. Effect of insulin on tyrosine phosphorylation of FAK, paxillin, and Src in CHO cells. (A) Confluent CHO-WT and CHO-IR cells
were serum starved for 3 h and treated without or with insulin (100 nM) for times indicated to coincide with a total serum starvation time
of 3 h. Cell lysates were prepared and immunoprecipitated (IP) with anti-FAK (a-FAK) and immunoblotted (IB) with a-FAK. Alternatively,
cell lysates were immunoprecipitated with anti-PY antibody («-PY) and immunoblotted with anti-FAK (a-FAK), anti-paxillin (a-PAX), or
anti-Src (a-Src), as outlined in MATERIALS AND METHODS. Shown is one experiment representative of four. (B) The ECL-developed films
were quantitated by scanning densitometry, and the optical absorbance was plotted in arbitrary units relative to untreated samples, which
were ascribed a value of 1.0. (C) Cell lysates were immunoprecipitated with a-FAK, a-PAX, or a-Src and immunoblotted with a-PY, as
outlined in MATERIALS AND METHODS. Shown is one experiment representative of two. In this experiment, the densitometric readings
of the bands, in arbitrary units relative to unstimulated cells, were as follows: FAK IP: 1.0, 1.7, 1.4, 2.0 for CHO-WT cells and 1.0, 0.8, 0.09,

0.3 for CHO-IR cells; paxillin IP: 1.0, 1.2, 1.6, 1.5 for CHO-WT cells and 1.0, 0.7, 0.09, 0.6 for CHO-IR cells.

pattern of immunoblotting was almost identical to
that obtained by immunoprecipitating with anti-PY
antibodies and blotting with anti-FAK, anti-paxillin,
or anti-Src antibodies. These results suggest that it is
indeed the phosphorylation of these proteins that is
being assessed, rather than their association with ty-
rosine-phosphorylated proteins. In both cases, the re-
sults strongly reveal that tyrosine dephosphorylation
of FAK and paxillin in response to insulin occurs only
in CHO-IR cells and not in CHO-WT cells.

To further examine the effect of receptor overexpres-
sion, we performed similar experiments in HTC-WT
and HTC-IR cells. As in the CHO-IR cells, insulin
induced the time-dependent decrease in the tyrosine
phosphorylation of FAK, paxillin, and Src in HTC-IR
cells (Figure 4, A and B). In contrast, the hormone
produced detectable increases in the tyrosine phos-
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phorylation status of these proteins in the HTC-WT
cells (Figure 4, A and B).

Differences between the parental cells and those over-
expressing the insulin receptor were also manifest in the
association of FAK with Src after insulin stimulation.
During the first 15 min of insulin stimulation, the asso-
ciation of Src with FAK increased in the CHO-WT cells
but decreased in the CHO-IR cells (Figure 5). Sixty min-
utes after insulin addition, the association between the
two proteins was elevated in both cell types.

In addition to the differential effects of insulin on
tyrosine phosphorylation of IRS-1 and focal adhesion
proteins in cells overexpressing the insulin receptor
relative to wild-type cells, differences were evident in
actin filament assembly and in the subcellular distri-
bution of focal adhesion proteins. At least 100 cells
were evaluated, and the results shown are of repre-
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Figure 4. Effect of insulin on tyrosine phosphorylation
of FAK, paxillin, and Src in HTC cells. (A) Confluent

IB:0-FAK HTC-WT and HTC-IR cells were serum starved for 3 h

and treated without or with insulin (100 nM) for times
indicated to coincide with a total serum starvation time of
3 h. Cell lysates were prepared and immunoprecipitated
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B:a-PAX (e-Sr0), as outlined in MATERIALS AND METHODS. (B)

The ECL-developed films were quantitated by scanning
densitometry, and the optical absorbance is reported rel-
ative to that in untreated samples. Shown is one experi-
ment representative of three.
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sentative fields for each cell population. In unstimu-
lated cells, actin filaments were readily detected in all
cell types (Figure 6, a, ¢, e, and g). Insulin treatment of
CHO-WT and HTC-WT cells had a tendency to in-
crease actin filament content (Figure 6, compare a and
b with e and f). In contrast, insulin led to a marked
depolymerization of actin filaments in CHO-IR and
HTC-IR cells (Figure 6, compare ¢ and d with g and h).
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Figure 5. Effect of insulin on association of FAK and Src in CHO

cells. Cell lysates prepared from CHO-WT and CHO-IR cells as
described in Figure 3A were immunoprecipitated (IP) with anti-
FAK (a-FAK) and immunoblotted (IB) with anti-FAK (a-FAK) or
anti-Src (a-Src), as indicated. Shown is one experiment representa-
tive of three.
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Indirect immunofluorescence for FAK in CHO-WT
and CHO-IR cells demonstrated that the distribution
of protein was punctate but also had a streaming
appearance as if the various concentrated regions of
FAK were aligned (Figure 7, a and c). On the other
hand, immunostaining of FAK in HTC-WT and
HTC-IR cells had a more punctate appearance that
was distributed in a random manner around the cell
with especially more intense staining at the perimeter
of the cells (Figure 7, e and g). Insulin stimulation
caused a disorganization in the distribution of FAK
only in CHO-IR and HTC-IR cells (Figure 7, d and h)
compared with the parental cells (Figure 7, b and f),
which did not show any reorganization of FAK in
response to insulin.

The distribution of paxillin immunofluorescence
matched the distribution of FAK within each respec-
tive cell type. That is, the punctate immunostaining of
paxillin in the CHO cells was aligned or streaming
(Figure 8, a and c), but it was punctate and random in
the HTC cells (Figure 8, e and g). Paxillin appeared to
be less abundant at the cell perimeter in the HTC cell
compared with FAK. Insulin stimulation of HTC-WT
cells but not CHO-WT cells caused a slight increase in
the paxillin located near the cell perimeter. However,

Molecular Biology of the Cell



Receptor Overexpression Alters Insulin Signaling

Figure 6. Subcellular organization of actin fibers in CHO and HTC cells. Confluent cultures of CHO-WT (a and b) and CHO-IR (c and d)
cells were serum deprived for 3 h and treated without (a or c) or with 100 nM insulin (b and d) for 15 min. The cells were fixed with 4%
paraformaldehyde in PBS for 20 min at room temperature and then permeabilized with 0.2% Triton X-100 in PBS for 20 min. The cells were
incubated with rhodamine-conjugated phalloidin (4 U/ml) in PBS for 30 min. The stained actin filaments were examined by fluorescence
microscopy. HTC-WT (e and f) and HTC-IR cells (g and h) were treated without (e and g) or with 100 nM insulin (f and h) for 15 min at the
end of 3 h of serum starvation and then processed as above. Shown is one experiment representative of three. Bar, 10 wm.
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Figure 7. Subcellular distribution of FAK in CHO and HTC cells. Confluent cultures of CHO-WT (a and b) and CHO-IR (c and d) cells were
serum deprived for 3 h and treated without (a and c) or with 100 nM insulin (b and d) for 15 min. The cells were fixed, permeabilized, and
blocked with 5% goat serum in PBS as outlined in MATERIALS AND METHODS. The cells were then incubated with anti-FAK in goat
serum-PBS for 60 min. Primary antibody binding was detected with goat anti-rabbit antibody conjugated to fluorescein and then examined
using fluorescence microscopy. HTC-WT (e and f) and HTC-IR cells (g and h) were treated without (e and g) or with 100 nM insulin (f and
h) for 15 min at the end of 3 h of serum starvation and then processed as above. Shown is one experiment representative of three.
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Figure 8. Subcellular distribution of paxillin in CHO and HTC cells. Confluent cultures of CHO-WT (a and b) and CHO-IR (c and d) cells
were serum deprived for 3 h and treated without (a and c) or with 100 nM insulin (b and d) for 15 min. The cells were fixed, permeabilized,
and blocked as described in Figure 6. The cells were then incubated with anti-paxillin (1:500) in goat serum-PBS for 60 min. Primary antibody
binding was detected with goat anti-mouse antibody conjugated to fluorescein and then examined using fluorescence microscopy. HTC-WT
(e and f) and HTC-IR cells (g and h) were treated without (e and g) or with 100 nM insulin (f and h) for 15 min at the end of 3 h of serum
starvation and then processed as above. Shown is one experiment representative of three.
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insulin stimulation of CHO-IR or HTC-IR cells pro-
voked a considerable dispersion of paxillin in these
cells (see Figure 8, d and h), an effect that was not
reproduced in the parental cell lines (Figure 8, b and f).
Also, insulin increased the localization of vinculin in
focal adhesion sites in HTC-WT cells, whereas this
association was decreased in HTC-IR cells (our un-
published results). Focal adhesions are concentrated
sites of tyrosine phosphorylation. Indirect immunoflu-
orescence demonstrated that abundant tyrosine-phos-
phorylated proteins had a distribution remarkably
similar to that of FAK and paxillin in CHO cells (Fig-
ure 9, a and c¢) or HTC cells (Figure 9, e and g). In
addition, there was an intense immunostaining for
tyrosine-phosphorylated proteins around the perime-
ter of each cell type. Consistent with the dephosphor-
ylation of focal adhesion proteins observed in CHO-IR
and HTC-IR cells in response to insulin, the amount of
immunoreactive tyrosine phosphorylation at focal ad-
hesion sites was markedly diminished throughout
these cells (Figure 9, d and h), whereas the corre-
sponding wild-type cells displayed modest increases
in phosphotyrosine proteins at the cell surface after
insulin treatment (Figure 9, b and f).

DISCUSSION

Insulin treatment of CHO-IR and HTC-IR cells stimu-
lated and maintained a time-dependent tyrosine de-
phosphorylation of FAK, paxillin, and Src. Insulin also
caused the depolymerization of stress fibers in these
cells and released organizational constraints on phos-
photyrosine proteins and the focal adhesion proteins
FAK, paxillin, and vinculin, allowing them to become
more dispersed throughout the cell. In contrast, insu-
lin treatment of CHO-WT and HTC-WT cells caused
small increases in the tyrosine phosphorylation of
FAK, paxillin, and Src, increased the abundance of
tyrosine phosphorylated proteins at the cell perimeter,
caused a slight increase in actin stress fiber content,
but had little effect on the subcellular organization of
the focal adhesion proteins.

The contrasting effects of insulin on these parame-
ters in cells overexpressing the insulin receptor com-
pared with the parental cell lines suggest that receptor
overexpression itself may alter the manner by which
insulin affects the cytoskeleton and the focal adhesion
molecules. Immunoblotting of total membranes for
insulin receptor demonstrated that our CHO-IR cells
expressed 16 times more insulin receptors than
CHO-WT cells and our HTC-IR cells expressed 11
times more insulin receptors than HTC-WT cells.
These differences in the expression of insulin receptors
compare favorably with similar cells described in ear-
lier reports: 10° receptors per cell in the overexpress-
ing cell lines versus 5 X 10° receptors per cell in the
parental line (Hawley et al., 1989; Konstantopoulos
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and Clark, 1996). In addition, these cells express insu-
lin-like growth factor I (IGF-I) receptors, and in the
parental cells IGF-I receptors may outnumber the in-
sulin receptor density by a factor of 10. For example,
there are ~4 X 10* IGF-I receptors per cell in CHO-WT
cells (Konstantopoulos and Clark, 1996).

The concentration of insulin used in our studies
could have cross-reacted with the IGF-I receptor
(which binds insulin with a K4 of 10 nM), and it is
conceivable that the effects of insulin would be medi-
ated in part through the IGF-I receptors in the parental
cell lines. This raises the possibility that IGF-I and
insulin signaling pathways could have different ac-
tions on focal adhesion assembly, because the insulin
response observed in the parental cells could poten-
tially be ascribed to actions via only the IGF-I receptor,
whereas the response in the insulin receptor—overex-
pressing cells would be mediated via the insulin re-
ceptor. Alternatively, the differential responses may
depend on the total number of insulin and IGF-I re-
ceptors present in a cell. In support of this view,
3T3-L1 adipocytes, which have abundant numbers of
insulin and IGF-I receptors but are considered highly
sensitive to insulin and, thus, insulin-responsive cells
(Lane et al., 1981; Grako et al., 1994), have an insulin
response with regard to actin fiber assembly and ty-
rosine phosphorylation of focal adhesion proteins that
resembles CHO-WT and HTC-WT cells. In our hands,
the 3T3-L1 cells have an insulin receptor number that
was intermediate between the CHO-WT or HTC-WT
cells and CHO-IR or HTC-IR cells. Our data suggest
that the number of insulin (and IGF-I) receptors in
3T3-L1 adipocytes may not approach the threshold at
which the switch in the action of insulin on the cy-
toskeleton occurs. This switch, however, may occur in
cells with very high insulin (and perhaps IGF-I) recep-
tor expression. This is not an unprecedented sugges-
tion, because PDGF can have a dual action similar to
the phenomenon described for insulin here. At low
concentrations, PDGF can stimulate increased actin
fiber formation and FAK tyrosine phosphorylation in
platelets, but at higher concentrations (and thus a
greater number of PDGF activated receptors), PDGF
causes actin fiber disorganization and a decrease in
FAK tyrosine phosphorylation in the same cells
(Rankin and Rozengurt, 1994).

It is noteworthy that the cytoskeleton of 3T3-L1 cells
is important for maintaining FAK tyrosine phosphor-
ylation status, because cytochalasin D disruption of
the actin cytoskeleton markedly decreased FAK ty-
rosine phosphorylation in otherwise untreated 3T3-L1
adipocytes.

An important question remaining is how very high
numbers of insulin receptors induce focal adhesion
protein tyrosine dephosphorylation and actin stress
fiber disassembly. One possible explanation may be
related to the observation that the insulin-stimulated
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Figure 9. Subcellular distribution of phosphotyrosine proteins in CHO and HTC cells. Confluent cultures of CHO-WT (a and b) and CHO-IR
(c and d) cells were serum deprived for 3 h and treated without (a and c) or with 100 nM insulin (b and d) for 15 min. The cells were fixed,
permeabilized, and blocked as described in Figure 6. The cells were then incubated with anti-PY antibody (1:1000) in goat serum-PBS for 60
min. Primary antibody binding was detected with goat anti-mouse antibody conjugated to fluorescein and then examined by fluorescence
microscopy. HTC-WT (e and f) and HTC-IR cells (g and h) were treated without (e and g) or with 100 nM insulin (f and h) for 15 min at the
end of a 3-h period of serum starvation and then processed as above. Shown is one experiment representative of three.
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tyrosine phosphorylation level of IRS-1 is markedly
higher in the insulin receptor—overexpressing cell
lines compared with the parental cell lines (Konstan-
topoulos and Clark, 1996; present study). Recently, it
was shown that the SH2 domain of C-terminal Src
kinase (Csk) associates with phosphorylated tyrosine
residues on IRS-1 (Tobe et al., 1996). Csk can inhibit Src
activity by directly phosphorylating tyrosine residues
on the C-terminal region of Src. Overexpression of Csk
in CHO cells increases the amount of Csk associated
with IRS-1, decreases the basal levels of tyrosine-phos-
phorylated FAK, and enhances the ability of insulin to
stimulate the tyrosine dephosphorylation of FAK
(Tobe et al., 1996). We speculate that a greater associ-
ation between Csk and IRS-1 in CHO-IR cells occurs
upon exposure to insulin, because of the supraphysi-
ologically elevated number of insulin receptors. The
heightened activation of Csk may be responsible for
significant down-regulation of Src activity to a level
that is no longer able to maintain the tyrosine-phos-
phorylated state of FAK and paxillin. Indeed, there is
precedence in the literature for alterations in insulin
signal transduction by selective overexpression of the
insulin receptor and IRS-1 in CHO cells (Yamauchi
and Pessin, 1994). In those studies, IRS-1 acts as a
“sink” for Grb2 to such a degree that the insulin-
stimulated interaction of Shc-Grb2 and the signaling
by this complex is significantly impaired (Yamauchi
and Pessin, 1994). Thus, it is plausible that markedly
increased levels of tyrosine-phosphorylated IRS-1 act
as an “inhibitor” of Src by elevating the amount of
activated Csk in CHO-IR cells above the normal levels.
This hypothesis could also explain our observation
that the association of Src and FAK is reduced upon
insulin stimulation of cells that overexpress the insulin
receptor. Alternatively, a tyrosine phosphatase that
acts on FAK may be activated by the high levels of
insulin receptor and IRS-1 (Pillay et al., 1995). Clearly,
additional studies may be required to understand how
insulin receptor overexpression leads to signaling
mechanisms that do not normally participate in the
same cells expressing physiological numbers of insu-
lin receptors.

The present observations describe the effects of in-
sulin on the cytoskeleton and focal adhesions in 3T3-
L1, an accepted model of insulin-responsive cells.
They also suggest that when studying the many sig-
naling pathways that insulin engages, caution is
needed when using heterologous overexpression of
the insulin receptor (or perhaps other insulin signaling
molecules) in various cultured cell systems.
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