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ABSTRACT. When ¢cDMNA for human kidney insulin receptors
was used to transfect NTHIT3 mouse fibroblast cells with few
or no endogenous insulin receptors, a resultant cell line, 3T3/
HIR, expressed more than 6 million receptors/cell. Results of
the present study demonstrated that these human receptors in
murine cells mediated a diverse group of responses, including
insulin binding and internalization as well as insulin-stimulated
tvrosine phosphorylation of the receptor and a putative cellular
substrate ppl&5. In addition, the cells were stimulated by insulin
in various acute and long term metabolic’ processes, including
glucose transport, glycogen formation, amino acid uptake, and

thymidine uptake and incorporation into DNA. There were weak .
or no responses to insulin in control fibroblasts transfected only
with the pSV2Neo plasmid containing a bacterial gene for neo-
mycin resistance (3T3/NEOQ cells). These findings indicated that
transfection of insulin receptor cDNA conferred insulin sensi-
tivity to the target cells in a broad range of cellular responses
and further demonstrated that effector molecules for mediating
such responses were present in cells that normally lacked sen-
gitivity to this hormone. Expressed receptors readily coupled
with the effector systems to become fully functional. ( Endocri-
nology 124: 257-264, 1989)

NSULIN is a major regulatory hormone for carbohy-

drate, lipid, and protein metabolism in mammalian
tissues (1, 2). When insulin's normal process of receptor
binding and signal transduction is disrupted, the result
is an abnormal state of cellular resistance to the essential
actions of insulin. Such impaired sensitivity to insulin is
characteristic of many patients with type Il diabetes
mellitus and obesity (3). To understand, and possibly
correct defects in these patients, it will be necessary to
understand the normal cellular mechanisms of insulin
actions. ;

An approach to determining postreceptor mechanisms
involved in signal transmission would be to overexpress
insulin receptors in cells that are insensitive to insulin
to ascertain whether insulin sensitivity and responsive-
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ness can be induced. Comparison of such cell lines with
and without receptors should facilitate understanding of
the biochemical mechanism(s) involved in postreceptor
events. In the present study, NITH3T3 Swiss mouse em-
bryo fibroblasts were used as recipient cells for insulin
receptor cDNA transfection. These cells have few or no
endogenous insulin receptors and are insensitive to in-
sulin. Our recent report described expression of a human
kidney insulin receptor cDNA in these NIH3T3 cells to
produce a cell line with an extremely high number of
insulin receptors (6 % 10%/cells; 3T3/HIR); preliminary
observations suggested that receptor function was grossly
normal, and that receptor tryrosine kinase activity in
particular was retained (4).

In the present study we examined the acute and long
term effects of insulin on metabolism and growth of
these NIH3T3 cells expressing high levels of insulin
receptors. We found that such cells responded to insulin
binding with tvrosine phosphorylation of the receptor
and a putative cellular substrate for the receptor kinase
called pp185. The cells also became highly sensitive to
insulin for acute and chronic regulation of cell metabo-
lism and growth, and their receptors were linked to an
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endocytic degradative pathway for insulin processing.
These findings suggested that the mechanisms and sub-
strates requisite for mediating a broad array of insulin
responses were present in parent cells lacking sensitivity
to the hormone and further indicated that expressed
receptors coupled readily with these effector systems.

Materials and Methods

Materials

o-[U-""ClGlucose (275 mCi/mmol), [6-"H|thymidine (22 Ci/f
mmol), NCS tissue solubilizer, and OCS scintillation fluid were
purchased from Amersham Corp. (Arlington Heights, IL). 2-
Deoxy-D-glucose-1-"*C (57 mCi/mmol) and type LI glycogen
from rabbit liver, dexamethasone, and controlled process serum
replacement-type [ (CPSR-1) were obtained from Sigma Chem-
ical Co. (St. Louis, MO). [Methyl-"H]Aminoisobutyrate (33 Ci/
mmol) and carrier-free [“PJorthophosphate were purchased
from New England Nuclear (Boston, MA). Ready-Solv CP
scintillation fluid was obtained from Beckman Instruments,
Ine. {Palo Alto, CA). Culture medium and serum were pur-
chased from Hazelton Research Products (Denver, FA) or
Gibeco (Grand Island, NY). Pansorbin was obtained from Cal-
bicchem (La Jolla, CA). Monoiodinated ["*I-Tyr-A"]human
insulin (350 pCi/pg) was generously provided by Dr. Bruce
Frank (Eli Lilly Co., Indianapolis, IN).

Cells

A prior report described the derivations of the cell lines 3T3/
HIR, NIH3T3 cells expressing high levels of human insulin
receptors (6 ® 10°%/cell) after transfection with a bovine papil-
-loma virus/insulin receptor cDINA construct (4), and 3T3/NEQ,
NIHA3T3 cells transfected with the plasmid pSV2Neo contain-
ing the bacterial gene for neomycin resistance (4, 5). Prelimi-
nary studies showed that 3T3/NEQ and wild-type NIH3T3
cells had identical low levels of insulin binding and relative
insensitivity to insulin.

Ezxperimental procedures

1] -Insulin binding and degradation assays. Confluent mono-
layer cultures of 3T3/HIR cells (4-9 % 10° cells/35-mm well)
were rinsed with PBS and incubated for 30 min at 30 C in 950
ul assay medium [Dulbecco’s Modified Eagle's Medium
{(DMEM) containing 20 mM HEPES, 5 mM sodium bicarbon-
ate, and 1% BSA] without or with 100 uM chloroquine added.
[**I-Tyr-A"]Insulin (0.25 nM) was then added in 50 wl, and
cells were further incubated at 30 C for the indicated time
interval. After this incubation, a 750-gl aliquot of medium was
removed to 750 wl ice-cold 12% trichloroacetic acid (TCA) in
tubes, vortexed, and allowed to precipitate. After centrifuga-
tion, radicactivity in 1-ml aliquots of supernatant was counted
as & measure of insulin degradation products. To determine the
amount of ['*'1]insulin bound, the monolayers were washed five
times with PBS, solubilized with 0.5 N sodium hydroxide, and
counted for radicactivity.

Internalization of bound [ IJinsulin, Binding experiments were
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performed as described above, and internalization of ['']
insulin was determined as reported previously and essentiallv
according to the technigue developed by Haigler et al. (8, 7) for
quantitation of epidermal growth factor internalization.
Briefly, after aspiration of tracer hormone and binding medium,
parallel sets of cell monolayers were washed three times with
PBS. One set of cells was then subjected to two 1-ml acid
washes (0.2 M acetic acid and 0.5 M sodium chloride, pH 2.5).
Each set of cell samples was solubilized in 0.1% sodium dodecyl
sulfate {SDS) and counted for radicactivity. The acid-resistant
radioactivity represented the internalized fraction of insulin.
The surface-bound insulin was determined by subtracting acid-
resistant radioactivity from total cell-associated radioactivity.

P phosphorviation of the intact cells and immunoprecipitation
of phosphotyrosine-containing proteins. Confluent cells in 15-
cm dishes were incubated for 2 h with 5 ml phosphate-free and
serum-free RPMI-1640 medium containing carrier-free [*P]
orthophosphate (0.5 mCi/ml). Insulin was added, and the in-
cubation was continued for the indicated times. The experi-
ments were stopped quickly by removing the incubation me-
dium and freezing the cell monolayers with liquid nitrogen.
The monolayers were thawed immediately, and 2 ml of 2 4 C
solution containing 50 mm HEPES (pH 7.4), 1% Triton X-100,
10 mM sodium pyrophosphate, 100 mM sodium fluoride, 4 mM
EDTA, 2 mM sodium vanadate, 1 mg/ml apoprotinin, and 2
mM phenylmethylsulfonylfluoride were added. The cells were
scraped from the dishes, and insoluble material was sedimented
by centrifugation at 50,000 rpm in a Beckman 70.1 Ti rotor for
60 min. The supernatant was immunoprecipitated with anti-
phosphotyrosine antibodies (aPY) on Pansorbin, as described
previously (8). The proteins were eluted from washed precipi-
tates with Laemmli sample buffer, reduced with dithiothreitol,
and separated by SDS-polyacrylamide gel electrophoresis
{SDS-PAGE) on 7.5% resolving polyacrylamide gels (9), The
phosphoproteins were identified by autoradiography at —70 C
of the stained and dried gels using Kodak X-Omat film and an
intensifying screen. The radioactivity in the gel fragments was
gquantified by Cerenkov counting or scanning densitometry.

Measurement of 2-deoxy-["Clglucose uptoke. Twenty-four
hours before assay, confluent monolayers of 3T3/HIR or 3T3/
NEOQ cells were prefed with low glucose DMEM containing
0.05% BSA. For assay, cell monolayvers (4-9 x 10° 3T3/HIR
cells/well or 1-3 % 10" 3T3/NEO cells/well) were rinsed with
PBS and incubated in azsay medium (Swim's no glucose, 5 mM
sodium bicarbonate, 20 mM HEFPES, and 1% BSA, pH 7.4)
withgut or with insulin added at indicated concentrations for
15 min at 37 C. Cells were rinsed again and incubated for 15
min at 37 C in medium containing 0.5 uCi 2-deoxy-["*C]glucose.
Medium was aspirated, and cells were rinsed with buffer con-
taining 20 uM cytochalasin-B and 10 mM Tris, pH 7.4. Cells
were solubilized with 0.9 ml 0.5 N NaOH and transferred to
vials. The mixture was neutralized by the addition of 105 ul
glacial acetic acid, and radioactivity was counted using 10 ml
Beckman Ready-Solv CP.

Measurement of p-[U-"C]glucose incorporation into glyeogen.
Cell monolavers {3T3/HIR or 3T3/NEO cellz in 35-mm wellz)
were grown in glucose- and serum-free medium for 24 h before
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the assay. For assay, cells were incubated for 90 min at 37 C in
glucose-free medium containing 1% BSA, 5 mM sodium bicar-
bonate, 20 mM HEPES (pH 7.4), and 1 uCi [“C]glucose without
or with insulin added at indicated concentrations. After incu-
bation, monolayers were rinsed and solubilized for 30 min at
37 C with 2 ml 30% KOH containing 4 mg carrier glycogen.
The solubilized mixture was transferred to glass tubes and
boiled for 30 min. After cooling, glveogen was precipitated by
the addition of 4 ml 95% ethanol. The precipitate was pelleted
at 1000 x g, redissolved, reprecipitated in ethanol, and pelleted
again. The pellets were dissolved in 0.4 ml water, and such
samples were transferred to vials and counted for radioactivity
using 5 ml Beckman Ready-Micro scintillation fluid.

Measurement of [methyl-*H]aminoisobutyrate uptake, Twenty-
four hours before assay, serum-supplemented DMEM on con-
fluent cultures was replaced with medium containing 1 uM
dexamethasone and 0.05% BSA or 0.5% CPSR-1 serum substi-
tute. At the time of the assay, cell monolavers were rinsed with
PBS and incubated for 6 h at 37 C in 1 ml Krebs-Ringer-
HEPES buffer ipH 7.4), 20 mM glucose, and 1% BSA, without
or with insulin added at the indicated concentrations. Mono-
layers were then rinsed with PBS and incubated at 37 C for 20
min with 0.5 uCi [methyl-"H]amincisobutyrate (MeAIB) in 1
ml assay buffer. After rinsing with PBS, cells were solubilized
in 0.9 ml 0.5 N NaOH. Samples were then transferred to vials
and counted for radicactivity using 10 m] Beckman Ready-
Micro scintillation fluid and 105 ul glacial acetic acid for
neutralization.

Measurement of ["H]thymidine incorporation into DNA, Before
the assay, confluent monolayers of 3T3/HIR or 3T3/NEQ cells
{in 35-mm wells) were cultured for 24 h at 37 C in DMEM
lacking serum, but containing 0.05% BSA. Cells were then
further treated for 18 h in this medium without or with insulin
added at indicated concentrations. Cell monolayers (4-9 x 10°
3T3/HIR3.5 cells/well or 1-3 x 10° 3T3/NEO cells/well) were
rinsed and incubated for 30 min at 37 C in 1.0 ml DMEM
containing 20 mM HEPES (pH 7.4), 5 mM sodium bicarbonate,
1% BSA, and 0.5 uCi ["H]thymidine. Monolayers were rinsed
and solubilized with 2 ml 0.1% 3DS for 1 h at 37 C. Solubilized
material was transferred to glass tubes, cooled to 4 C, and
precipitated by the addition of 2 ml cold TCA (200 mg/ml) to
each tube. Tubes were vortexed, incubated for 30 min at 4 C,
and centrifuged at 500 x g for 20 min at 4 C. Supernatant was
aspirated, and the pellet was dissolved completely in 0.1 ml
water and 1.0 ml NCS for 3-5 h. The solubilized material was
transferred to vials and counted for radicactivity by liquid
scintillation using 10 ml OCS,

Results
Insulin binding, internalization, and degradation

After binding of insulin to cell surface receptors, the
insulin-receptor complexes are rapidly internalized to
endosomes (10). In these organelles, the ligand and re-
ceptor may be uncoupled and sorted to separate path-
ways, L.e. the lysosome for ligand degradation and the
cell surface for recycled receptors (11, 12), To determine

whether the human insulin receptors expressed in the
3T3/HIR cells were appropriately coupled to such proc-
esses, the time course of binding and internalization of
insulin at 37 C was determined (Table 1) using an acid
wash technique (6). ["*I-Tyr-A"]Insulin bound rapidly
to cells, such that by 5 min 7.4% of the input radioactivity
was bound to the cell surface (removable by acid treat-
ment). By 10-20 min a peak of 9.4% radioactivity asso-
ciated with the cell surface was reached, and this level
declined thereafter. Internalized (acid-resistant) radio-
activity followed a similar time course. These data are
consistent with rapid insulin binding to cell surface re-
ceptors with consequent internalization of the insulin-
receptor complex. By contrast, ['*I]insulin bound only
minimally and slowly to the cell surface of 3T3/NEO
cells, reaching just 0.27% of input radioactivity at 60
min. Internalized radioactivity also accumulated slowly,
and the capacity for internalization in 3T3/NEO cells
was only about 1% of that observed in 3T3/HIR cells.
3T3/HIR and 3T3/NEO cells, however, were able to bind
[***I)IGF-I similarly, and preliminary analyses of such
data indicated that there were about 200,000 insulin-like
growth factor I (IGF-I) receptors/cell in both cell lines.

To further demonstrate that the insulin receptors of
3T3/HIR cells were coupled to a degradative pathway,
the time course of insulin binding and degradation was
measured in the presence or absence of chloroquine (Fig.
1); this drug appears to block the pH-dependent disso-
ciation of receptor-ligand complexes by inhibiting acidi-
fication of endosomes (13, 14). Chloroquine increased 2-

TaBLE 1. Insulin internalization by 3T3/HIR and 3T3/Neo cells

Time Total Acid-resistant  Acid-dissociable
Cells (min) radivactivity  radicactivity radioactivity
(% of total) (% of total) {% of total)
HIR Il 10.21 2.84 7.37
10 15.02 5.60 9.42
20 14.85 547 9.38
30 12.36 4.78 T.60
40 1091 4.73 G.18
60 0.44 421 5.23
MNEOQ 5 0.21 0.05 0.16
10 (.24 0.05 0.19
20 0.25 0.08 0.19
30 0.30 0.06 0.24
40 0.32 007 0.25
B0 0.34 0.07 0.27

Monolayer cultures of cells in six-well culture dishes were incubated
at 37 C with ['**I]insulin {33 pmol/L) in & total volume of 1 ml in the
presence or absence of an excess of unlabeled insulin (107" M). Total
cell-associated radioactivity and acid-resistant radicactivity were de-
termined as described in Ezrperimental procedures. Acid-dissociable
radicactivity was derived from these values by subtraction. All dats are
expressed as percent input (counts per min/10° cells. ml),

‘Hofmann, C., and J. Whittaker, manuscript in preparation.
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Fic. 1. Time course of ['*1]insulin bind-
ing and degradation with or without
chloroguine present. Confluent mono-
layer HIR cells were preincubated for 30
min at 30 C in medium with or without
100 uM chloroguine. [**I]Insulin (0,25
nM) was then added to the plates for the
indicated incubation interval. Radioac-
tivity associated with the cells and TCA-
goluble radicactivity in the medium wera
determined. Data points represent the
mean value for triplicate points. Devia-
tion was too small to be represented
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fold the amount of ["*I]insulin radioactivity associated
with 3T3/HIR cells and decreased the amount of degra-
dation products in the medium. Binding and degradation
of ["**I]insulin by 3T3/NEO cells were qualitatively sim-
ilar, although the amount of hormone bound and de-
graded was less than 1% of that in 3T3/HIR cells (data
not shown). Thus, in 3T3/HIR cells, human insulin
receptors mediated internalization and degradation of
insulin.

Insulin-stimulated tyrosine phosphorylation of the insulin
receptor and ppl85 in 3T3/HIR cells

Insulin stimulates tyrosyl phosphorylation of the 3-
subunit of the insulin receptor immediately after insulin
binding, and «PY immunoprecipitate this and other
phosphotyrosine-containing proteins from a variety of
cells. However, no phosphotyrosine-containing proteins
were detected in Triton X-100 extracts of 3T3/NEO cells
before or after insulin stimulation (Fig. 2, lanes a and b).
By contrast, the 3T3/HIR cells contained three distinct
phosphoproteins that were immunoprecipitated with the
aPY (Fig. 2, lanes ¢ and d). In the absence of insulin, a
ppl20 protein was detected, and as previously deseribed,
it was not stimulated by insulin (8, 15). After insulin
stimulation of 3T3/HIR cells for 2 min, a 95K phospho-
protein was detected in the «PY immunoprecipitate dur-
ing SDS-PAGE under reducing conditions (Fig. 2, lane
d). This protein was confirmed to be the -subunit of the
insulin receptor by tryptic peptide mapping and immu-
noprecipitation with antiinsulin receptor antibodies
(data not shown). In addition to the g-subunit, a 175K
phosphoprotein was observed after insulin stimulation
(Fig. 2, lane d). This protein was distinet from the insulin
receptor, as it was extracted from the cytosol fraction of
the 3T3/HIR cells, whereas the insulin receptor was
found only after whole cell solubilization with Triton X-
100 (data not shown); moreover, the tryptic phosphopep-

Time, min.

3T3/NEO 3T3/HIRC

Ins _
100 nM = o

*Mr
kDa

— 200

— 1186
— 925

Fic. 2. Immunoprecipitation of phosphotyrosine-containing proteins
from [“Plphosphate-labeled NIH3T3 cells. Control 3T3/HIR cells
(lanes ¢ and d) were labeled for 2 h with [“P)orthophosphate. The cells
were incubated without (—) or with 100 nM insulin (+; Ins) for 2 min
and solubilized as described in Experimental procedures. The phospho-
tyrosine-containing proteins were immunoprecipitated with «FY, re-
duced with dithiothreitol, and separated by SDS-PAGE. The autora-
diogram was obtained during a 6-h exposure. Mr, Mol wt.

tide map was unique, indicating that it was not a precur-
sor of the insulin receptor (data not shown). The char-
acteristics of this protein correspond to those of ppl33,
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a putative cytoplasmic substrate for the insulin receptor
kinase characterized originally in Fao hepatoma cells (8,
15). Thus, the human insulin receptor in NIH/3T3 cells
recognizes the murine ppl85 and catalyzes its tyrosyl
phosphorylation during insulin stimulation.

Sensitivity to insulin for regulation of acute metabolic and
long term growth effects

An early metabolic response of target cells to insulin
- is an increase in the rate of glucose transport. Uptake of
2-deoxy-['*Clglucose was, therefore, measured in 3T3/
HIR and 3T3/NEO cells. The 3T3/NEO cells did not
respond to insulin in concentrations up to 10 nM, al-
though a slight stimulation of 8-12% was seen with 100
nM insulin (Fig. 3) (our unpublished data). In contrast,
half-maximal stimulation of deoxyglucose uptake oe-
curred in 3T3/HIR cells at 0.1 nM insulin, with maximal
stimulation (50%) occurring at 1 nM (Fig. 3). Insulin
stimulation declined at insulin concentrations of 10-1000
nM (Fig. 3, and data not shown). The basal level of
glucose transport was elevated 65% in 3T3/HIR cells
compared to 3T3/NEO cells even after normalization
with respect to cell number (8 x 10° 3T3/HIR cells uvs.
1.5 % 10° 3T3/NEO cells/well). Of further interest was
the obgervation that 3T3/NEO cells showed some re-
sponse to IGF-I for stimulation of glucose transport, and
the cells became even more sensitive and responsive to
IGF-I after insulin receptor transfection, t.e. in 3T3/HIR
cells (see Footnote 1).
Another acute action of insulin is the stimulation of
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FiG. 3. Stimulation of 2-deoxy-[""C]glucose uptake. Confluent mono-
layers of HIR or NEOQ cells were preincubated for 24 h at 37 C in
serum-free medium. For assay, cells were incubated for 15 min at 37 C
in the presence of the indicated concentrations of insulin. After rinsing,
uptake of 2-deoxy-["Clglucose was determined as described in Exper-
imental procedures. Data were normalized to uptake per 107 cells. Each
value is the mean + SD of triplicate points from a representative
experiment from one of six similar experiments. Where error bars are
not shown, deviation is too small to be graphically represented.
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glyecogen synthesis. Although glveogen synthase is
mainly associated with liver and muscle, all cells possess
this enzyme (16). Glycogen synthesis, however, was not
stimulated by insulin in 3T3/NEO cells (Fig. 4). By
contrast, insulin stimulated glycogen synthesis in 3T3/
HIR cells, with a half-maximal response at 0.01 nm:
maximal stimulation was observed with 0.1 nM insulin
iFig. 4). The level of insulin stimulation declined at
insulin concentrations above 1 nM. In some experiments
the basal incorporation of [“C]glucose into glycogen was
elevated in 3T3/HIR cells compared to that in 3T3/NEO
cells.

Insulin stimulates the influx of neutral amino acids
into a variety of mammalian cells through transport
system A (17). The stimulation by insulin of amino acid
uptake in cells represents an intermediate effect, as it
requires several hours for onset and is dependent on the
synthesis of mBNA and protein (18). The effect of in-
sulin on system A activity was studied by measuring
uptake of the alanine analog MeAIB. There was no
stimulatory effect of insulin on [Me-"H]AIB uptake in
3T3/NEO cells (Fig. 5). In contrast, 0.1 nM insulin
induced a detectable increase in [Me-"H]AIB uptake,
and maximal stimulation (46% above basal uptake) re-
sulted from treatment with 10 nM insulin. When results
were normalized for cell number, basal uptake of MeAIB
was elevated in 3T3/HIR cells compared to that in 3T3/
NEO cells.

Stimulation of DNA synthesis is a long term action of
insulin, requiring 18-24 h for onset. In 3T3/HIR cells,
stimulated uptake and incorporation of [*H]thymidine
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Fic. 4 sSumulation of D-[U-"Cjglucose incorporation into glyvcogen.
Cell monolayers (HIR or NEO) were grown in glucose- and serum-free
medium for 24 h before the assay. For assay, cells were incubated for
80 mun at 37 C in glucose-free medium containing 1 wCi [“Clglucose
without or with insulin added at indicated concentrations, After incu-
bation, monolayers were rinsed and solubilized, and glvcogen was
extracted and counted for incorporated radioactivity, as described in
Ezperimental procedures, Data were normalized to incorporation per
107 cells. Each value is the mean £ 3D of triplicate points from one of
six such assays with similar results,
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FiG. 5. Stimulation of [Me-"H]AIB uptake. Confluent monolayers of
HIR or NEO cells were preincubated for 24 h at 37 C in serum-free
medium. Cells were rinsed and further incubated for 6 b in KRH, 20
mM glucose, and 1% BSA without or with insulin added at the indicated
concentrations. After this incubation, uptake of [Me-"H]AIB was meas-
ured as described in Experimental procedures. Data were normalized to
uptake per 10° cells. Data points represent the mean = 8D for triplicate
points. Where error bars are not shown, deviation is too small to be
graphically represented. The experimental data reported is for one of
six such assays with similar results.
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Fic. 6. Insulin stimulation of ["H]thymidine incorporation into DNA,
Before assay, confluent monolavers of HIR or NEQ cells were cultured
for 24 h at 37 C in serum-free medium. Cells were then further
incubated for 18 h in medium without or with insulin added at the
indicated concentrations. Monolayers were rinsed and incubated for 30
min at 37 C in medium containing 0.5 wCi [*H]thymidine. Cells were
then rinsed and solubilized, and ["H]thymidine incorporated into TCA-
precipitable material was measured, as described in Experimental pro-
cedures. Data were normalized to uptake per 10° cells. Data points
represent the mean = 5D for triplicate points. This assay wag performed
gix rimes with similar results.

into TCA-precipitable products were half-maximal at the
insulin dose of 3 nM; maximal stimulation (7-fold over
basal) required an insulin dose of 10 nM (Fig. 6). In 3T3/
NEO cells, insulin elicited a slight dose-dependent stim-
ulation of ['H]thymidine incorporation. However, both
basal and hormone-stimulated levels of thymidine incor-

L4 =X

poration were substantially lower in 3T3/NEOQ cells than
in 3T3/HIR cells, i.e. values stimulated by high levels of
insulin (100-1000 nM) were only about 15% the stimu-
lated values in 3T3/HIR cells. 3T3/NEO cells also re-
sponded to IGF-I stimulation of thymidine incorpora-
tion, and both sensitivity and responsiveness to IGF-1
were increased upon insulin receptor transfection, ie. in
3T3/HIR cells (see Fobtnote 1).

Discussion

While binding of ['*I]insulin to receptors of human
skin fibroblasts and continuously cultured fibroblast cell
lines has been reported (19-21), estimates of insulin
receptor numbers by Scatchard analysis methods (22)
have been difficult due to relatively low levels of binding
to these cells (20). Fibroblast cells were, however, re-
ported to be sensitive to insulin stimulation in a broad
range of responses, including glucose transport (23), gly-
cogen synthesis (21), potassium uptake (24), induction
of ornithine decarboxylase (25), aminoisobutyrate up-
take (18, 26), poly-ADP ribosylation (26), and thvmidine
uptake and incorporation into DNA (19, 26). For these
fibroblasts, insulin at high doses (100-1000 nM) was
generally required to stimulate the responses maximally
(19-21, 23-28), whereas insulin doses of 1-10 nM gener-
ally stimulated maximal responses in target liver or fat
cells (29). Such findings suggest that reported insulin
actions may occur at least in part via related IGF-I
receptors (26). In our present study, 3T3/HIR cells re-
sponded maximally to insulin at 0.1 nM for glycogen
synthesis, 1 nM for glucose transport, and 10 nM for
MeAIB uptake as well as thymidine uptake and incor-
poration into DNA. Taken together, our results indicate
that 3T3/HIR cells were at least 100 times more sensitive
to insulin than other fibroblasts. Differing sensitivities
and time courses for various cellular responses to insulin
have been described (1) and may be due to differential
branching of postreceptor pathways.

NIH3T3 mouse fibroblasts transfected with the plas-
mid pSV2Neo, but not with the insulin receptor cDNA,
were relatively insensitive to insulin. Autophosphoryla-
tion of the receptor §-subunit and phosphorylation of
the putative cytosolic substrate ppl185 were not detected.
Only slight increases in glucose, amino acid, and thymi-
dine uptake could be elicited by insulin doses of 100 nM
or greater. Such minimal responses to insulin at high
doses may have been elicited via related IGF-I receptors
or through a very low number of insulin receptors. If a
low number of receptors is present, then there may exist
either limited coupling between these receptors and cel-
lular effectors or effector deficiencies. In contrast to
NIH3T3 cells, Chinese hamster ovary cells or rat 1
fibroblasts were recently reported to have fewer than
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3000 receptors/cell, but were fully responsive to insulin
stimulation of 2-deoxyglucose uptake (30, 31), thus in-
dicating that these few receptors were well coupled with
the effector system. While the NIHA3T3 cell receptor/
effector system may be poorly coupled, the effector sys-
tem itself appeared normal, since human insulin recep-
tors expressed in these NIH3T3 cells exhibited hormone-
sensitive receptor kinase activity, were coupled to an
endocytic degradative pathway for insulin, and were also
capable of mediating a full array of metabolic as well as
growth responses to the hormone. It seems likely that
minimal insulin responsiveness in 3T3/NEO cells, as in
the parent NIH3T3 mouse fibroblasts, may be mediated
via related IGF-I receptors, as previously suggested for
insulin responses in human skin fibroblasts (26). Our
preliminary findings indicated that 3T3/NEO cells dis-
played IGF-I receptors and responded to IGF-I stimula-
tion of glucose transport and DNA synthesis. Another
recent report also described binding of ["*IJIGF-I to
Swiss mouse 3T3 fibroblasts and highly sensitive stim-
ulation of DNA synthesis by this growth factor; less
sensitive stimulation of DNA synthesis by insulin was
suggested to occur via insulin receptors, although inter-
action of insulin with the IGF-I receptor could not be
ruled out (32).

Overexpression of insulin receptors in NIH3T3 cells
rendered the cells insulin sensitive and elicited responses
of substantial magnitude. While increased sensitivity can
be attributed to an increased receptor number, increased
responsiveness suggests that postbinding events may also
have been altered in these cells. The high expression of
insulin receptors in 3T3/HIR cells may result in a dif-
ferent receptor functional state, e.g. more clustering and
improved coupling with effectors. Alternatively, 3T3/
HIR cells may become sensitive to insulin by maintaining
synthesis of enzymes or other cellular components req-
uisite for metabolic responses to the hormone. Such
concepts are supparted by the finding that basal levels

- of responses studied were generally elevated in 3T3/HIR
cells compared to those in 3T3/NEO cells. Increased
basal receptor phosphorylation, however, was not ob-
served, indicating that elevated basal bioactivity may be
mediated through a mechanism independent of insulin
receptor tyrosine autophosphorylation. A 120K phospho-
tyrosine-containing protein was detected in 3T3/HIR
cells, but not in 3T3/NEO cells. Although insulin does
not stimulate the phosphorylation of this protein in 3T3/
HIR cells or other cells (8}, its phosphorylation may play
a role in the maintenance of basal cellular metabolism
and growth. A further possibility is that transformation
with bovine papilloma virus construct alone can alter
basal activity or induce insulin responsiveness. This
appears unlikely, as NIH3T3 cells remained nonrespon-
sive after expression of a bovine papilloma virus con-

struct encoding only the binding domain (a-subunit) of
the insulin receptor.”

Transmission of the insulin signal may occur in cells .
by tyrosine phosphorylation. After insulin binding to the
receptor a-subunit (33), the G-subunit of the receptor
undergoes autophosphorylation of tyrosine residues,
which activates a tyrosine-specific phosphotransferase
{34, 35). Although some details of the enzyme activation
are understood (36), the subsequent steps in the mecha-
nism of insulin action are poorly described. One pathway
may involve the phosphorvlation of cellular substrates
on tyrosine residues by the insulin receptor (8, 15, 37),
and a growing list of criteria suggests that ppl85 may be
an important substrate (8, 15). Its phosphorylation oc-
curs immediately after insulin stimulation in all cell
types studied so far, and it appears to be a substrate for
the IGF-I receptor (38}, but not the epidermal growth
factor receptor (39). In contrast to the insulin receptor,
the ppl85 is probably located in the eytosol (8). The
phosphorylation of cytosolic ppl85 increases signifi-
cantly in 3T3/HIR cells, which express high levels of
insulin receptor, thus suggesting that phosphorylation of
ppl85 is closely related to the kinase activity of the
receptor. Similar results have been found for Chinese
hamster ovary cells (8). Although the 3T3/HIR cells
express over 10° insulin receptors/cell, other phospho-
tyrosine-containing proteins were not detected with the
«PY. Thus, ppl85 appears to be an insulin receptor
substrate found in all cells studied so far,

In summary, we demonstrated that expression of high
levels of insulin receptors in NIH3T3 cells produced
insulin sensitivity and enhanced responsiveness in a cell
type that was normally only minimally sensitive and
responsive to insulin. Such findings indicated that effec-
tor molecules for insulin responses were present in these
insulin-insensitive cells, and that expressed receptors
readily coupled with these effector systems to become
fully functional. It seems possible that such effector
systems may in fact be those already in place for related
IGF-I receptors, since insulin and IGF-I stimulate a
similar array of biological responses (40-42), display a
high degree of structural homology in the intracellular
kinade domains of their respective receptors (43), and
share a common intracellular substrate for tyrosine phos-
phorylation by the receptor kinases (8, 38, 39). Further
exploration is needed to clarify possible receptor and
postreceptor overlap for insulin and IGF-1.
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