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ABSTRACT

The sensitivity of insulin receptors to down regulation by insulin has
been measured in cultured human tumor cells (breast tumor cell lines
MO-7, T-47D, and colon tumor cell line HCT-8). Insulin receptors on
breast tumor cells were resistant to down regulation (15-17% maximum
loss of insulin bindingafter 4 h exposure to 170 UMinsulin). HCT-8 cells
were sensitive to down regulation after 4 h exposure to 3.8 n\i insulin,
but the extent of down regulation then lessened at higher concentrations
of insulin. This paradoxical behavior was associated with increasing
affinity of insulin receptors for insulin following exposure to hormone.
Insulin-stimulated |3H]leucine incorporation into protein was measured

in parallel with studies of receptor regulation to assess the effect of
preexposure of cells to insulin on cell metabolism. Maximum down
regulation of receptors in all three types of tumor cell by prior exposure
to insulin did not significantly alter the responsiveness of any of the cell
lines to insulin. Thus insulin receptor down regulation is abnormal in
these rumor lines compared with reported studies in normal cells, and
this may contribute a metabolic advantage to these malignant cells over
normal tissues.

INTRODUCTION

Insulin receptors have been detected in a variety of neoplastic
and nonneoplastic cultured cells. In many instances these re
ceptors have been shown to down regulate in response to
increased ambient insulin concentrations (1-5). The sensitivity
of receptors to down regulation appears to be a function of cell
type, insulin concentration, and duration of exposure to hor
mone. It has been suggested that insulin receptors in tumor
tissue may be less sensitive to down regulation in vivo than
those in normal tissues (6). In addition, receptors in tumor
tissue appear less sensitive to down regulation than those in
normal cells when studied in vitro over a range of insulin
concentrations for a fixed time period (7). These latter obser
vations have been extended in this study by measuring down
regulation as a function of duration of exposure to insulin as
well as hormone concentration and assessing insulin receptor
binding affinities and receptor number before and after down
regulation. In addition, the biological response to insulin has
been measured in parallel with binding studies. Down regula
tion of insulin receptors is thought to lead to decreased biolog
ical responsiveness to insulin (8-10), although there are also
reports of increased insulin responsiveness as a consequence of
hyperinsulinemia both in vivo and in vitro (11-13). In view of
these conflicting reports the effect of insulin receptor down
regulation on insulin-induced protein synthesis in cultured hu
man tumor cell lines has been investigated to test whether
preexposure to hormone desensitizes these cells to this biolog
ical action of insulin.
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MATERIALS AND METHODS

Highly purified porcine insulin was purchased from Novo Industri
A/S (Copenhagen, Denmark). Carrier-free Na'"I and protosol were

purchased from New England Nuclear (Boston, MA), bovine serum
albumin (radioimmunoassay grade, Fraction V), and epidermal growth
factor from Sigma Chemical Co. (St. Louis, MO), MEM4 (No. 410-

2000) from Grand Island Biological Co., and fetal calf serum was
purchased from GiÃ²coNZ Ltd. L-[4,5-3H]Leucine (131 Ci/mmol) was

obtained from Amersham International (Amersham, England).
Cell Culture. Tumor cell lines comprised two human breast carcino

mas (MCF-7 and T-47D) and a human colon carcinoma (HCT-8). Cells
were grown in plastic culture flasks (25 or 75 cm2; Falcon Plastics) on

MEM supplemented with 10% FCS and equilibrated with 5% CO2 in
air. T-47D and HCT-8 cells were supplemented with 2 mM glutamine
whereas MCF-7 cells required 6 mM glutamine. Porcine insulin (0.33
MM)and hydrocortisone (0.55 ^M) were also added to MEM for culture
of T-47D cells, while medium for growth of MCF-7 cells contained an
insulin concentration of 1.6 Â¿IMunless stated otherwise. The tumor cell
lines were passaged weekly with 0.1% trypsin. All cell lines were free
of contamination by Mycoplasma.

To prepare cultures for binding studies, cells were seeded in 60- x
15-mm plastic culture dishes in 5 ml growth medium containing anti
biotics and grown until almost confluent. MCF-7 and T-47D (2.5 x
10s cells plated/dish) were used for binding studies on days 6 and 8,
respectively, after seeding and HCT-8 (2.5 x IO4cells plated/dish) were

used on day 7.
Binding Assays. Insulin was iodinated to a specific activity of 54-

124 iiC\/u%using a modified chloramine-T method described previously
(7). [''M[insulin was separated from '"I by gel filtration on a 1- x 60-

cm Sephadex G 50 column equilibrated in 0.025 M Tris-HCl, pH 7.6.
The peak fractions were pooled and kept at 4'C for a maximum of 5

days. All binding experiments were performed using monolayers grown
in 60- x 15-mm plastic culture dishes. Because the presence of serum
and hormones in the culture medium could potentially influence recep
tor numbers, cells were cultured in medium deprived of serum and
hormones for 24 h prior to all binding experiments. Growth medium
was aspirated, and the cells washed twice with 2 ml ice-cold binding
buffer [100 mM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid):120 mM NaCl:1.2 mM MgSO4:2.5 mM KC1:15mMNaC2H3O2:10
mM glucose: 1% bovine serum albumin, pH 7.8 at 22*C). Monolayers
were incubated in duplicate with [I25l]insulin(5.0 x 10~" Mfor equilib
rium binding analysis, otherwise 1.8-2.0 x 10"' M) in 2 ml binding

buffer. Nonspecific binding was assessed in monolayers grown in par
allel and incubated with ['"Ijinsulin and excess unlabeled insulin (2

Â¿IM).For equilibrium binding analysis, monolayers were incubated with
a fixed concentration of [125I]insulinand increasing concentrations of
unlabeled hormone (0-1 /UM).Cells were incubated at the temperatures
and times indicated, after which they were washed three times with 2
ml ice-cold binding buffer. The cells were solubili/ed with 2 ml IN
NaOH at 37"C for 1 h. A 1-ml aliquot of the solubili/ed cells was

counted in a Searle 1285 automatic gamma counter with 75% counting
efficiency. Degradation of insulin under conditions used for down
regulation was determined by spiking the culture medium with [125I]-
insulin and testing the ability of residual unbound ['"Ijinsulin to

precipitate with an equal volume of 10% TCA.
Pretreatmentof Cells with Exogenous Insulin before Receptor Binding

Studies. In order to study insulin-induced receptor down regulation,
unlabeled porcine insulin dissolved in MEM was added in 100-//1

' The abbreviations used are: MEM, minimal essential medium (a modified);

TCA, trichloroacetic acid; FCS, fetal calf serum.
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aliquots to monolayers deprived of FCS and insulin for the previous 24
h, to give final concentrations of insulin ranging from 3.5 x 10"'-1.7
x 10~7M.After incubation at 37Â°Cfor the times indicated, the medium

was aspirated and the cells washed twice with 2 ml binding buffer.
Surface bound insulin was dissociated from the monolayers to allow
estimation of residual receptors by binding of ['"Ijinsulin.

Dissociation Procedure. Exogenous insulin bound to cell surfaces was
allowed to dissociate into 2 ml of binding buffer at pH 7 for l h at
37'C. After incubation, cells were washed twice with 2 ml ice-cold
binding buffer (pH 7.8) before estimation of binding of ['"IJinsulin.

This procedure removes >90% of surface bound insulin (7).
Pretreatment of Cells with Exogenous Insulin before Biological Assay.

In order to study the effect of insulin-induced receptor down regulation
on biological response to insulin, unlabeled porcine insulin dissolved
in MEM was added in 100-^1 aliquots to monolayers deprived of FCS
and insulin for the previous 24 h, to give final insulin concentrations
of 1.7 X 10-Â«(HCT-8) and 1.7 x KT7 M (MCF-7 and T-47D). Control

cells received 100 /<!MEM in place of unlabeled insulin. After incuba
tion at 37Â°Cfor 4 h in order to achieve down regulation, the medium

was aspirated and the cells washed twice with 5 ml MEM.
Biological Assay: Incorporation of |3H|Leucine into Protein. [3H]Leu-

cine was added to monolayers in triplicate (0.25 Â¿tCi/ml)for 7 h at
37*C in the presence of 0-4.4 /i\i insulin. Leucine incorporation was

stopped by aspirating the medium and washing the cells twice with 2
ml cold phosphate buffered saline. Cells were harvested by incubation
with 2 ml 0.05% trypsin for 5 min at 37"C together with mechanical

scraping and transferred to glass test tubes. Protein was precipitated by
adding 0.4 ml cold 50% TCA containing unlabeled leucine (50 mg/
liter) to each tube on ice, and the precipitates were boiled for 10 min
in order to hydrolyze acyl-tRNA. The precipitates were chilled on ice
before being trapped on presoaked 2.5-cm glass microfiber filters
(Whatman GF/B) and were then washed three times with 5 ml cold
5% TCA containing unlabeled leucine (5 mg/liter). The filters were
dried in an oven at 90*C for 20 min. Precipitates were solubilized in 1
ml Protosol for 1 h at 55'C with shaking and after cooling, 100 n\

glacial acetic acid were added followed by 10 ml Tritonrtoluene (0.4:1)
scintillation fluid, and radioactivity was measured in an I UK 1217
Rackbeta scintillation counter.

The parameters calculated from the dose response curves were the
basal rate of [3H]leucine incorporation into protein and the response of
cells to insulin-stimulated protein synthesis. This was calculated at each
dose of insulin according to the formula

Response

Rate of incorporation -
basal rate of incorporation 100
Basal rate of incorporation 1

The responsiveness of cells to insulin was compared between experi
ments by analysis of dose response curves as outlined under "Statistics"

(see below).
Cell Counts. For each experiment, cells were grown in parallel to

assay cultures in duplicate 60- x 15-mm plastic culture dishes and used
exclusively to estimate cell counts. Cells were removed using 0.1%
trypsin (37'C, 10 min). MCF-7 and T-47D cells were counted in a

Model ZF Coulter Counter using a 100-/im aperture. MCF-7 and T-
47D cells were syringed several times before counting to provide single
cell suspensions. HCT-8 cells were particularly susceptible to damage
by syringing and thus were treated with 0.2% DNase (22"C, 10 min) to

disperse clumps before counting in a hemocytometer.
Statistics. Student's t test for either paired or unpaired data, where

appropriate, was used to determine significance of difference between
two or more sets of specific binding data. Data from equilibrium binding
experiments were analyzed on an IBM personal computer by the
"I.Â¡gaud"program (14). This method provided optimal weighted least

squares estimates of binding parameters (high and low affinity constants
AÂ«,high and low affinity binding capacities K, and nonspecific binding
\ ). The program determined the goodness of fit to the observed data
and calculated appropriate SEs for the parameters, thus providing an
objective estimate of their precision.

Differences between the data obtained from the Ligand analyses of

pooled equilibrium binding experiments in Tables 1 and 2 were tested
for significance by Student's t test and where appropriate by the Tukey

Kramer multiple comparison test (15). The SEs determined by the
Ligand program were used for comparing the parameters from pooled
analyses. The variances used for comparing the parameters from indi
vidual Ligand analyses were derived from the SEs of the means of the
parameters.

Differences between the means of basal rates of incorporation for
different experimental conditions were tested for significance using the
Tukey Studentized range test (16). Similarly, differences between the
dose-response curves performed under different experimental condi
tions were tested for significance by taking the mean of the differences
at each insulin concentration and using the Tukey Studentized range
test. These analyses were performed on the University of Auckland
mainframe IBM computer using the statistical analysis system package.

RESULTS

The rate of binding of insulin to receptor was similar for
control cells and those with down regulated receptors (Fig. 1).
The degradation of insulin by cells cultured for 7 h at 37Â°Cin
MEM ranged from l-9%/106 cells at physiological concentra
tions of insulin and from 0-1. !%/10* cells at higher concentra

tions of insulin.
Down regulation of insulin receptors as a function of hor

mone concentration and time of exposure of cells to insulin is
shown in Fig. 2. Receptors in both of the breast tumor cell lines
were generally resistant to down regulation. Although signifi
cant loss of binding was observed at several time points at high
insulin concentrations, at no time did binding decrease by more
than 25%. By comparison, the human colon tumor cell line,
HCT-8, appeared sensitive to down regulation with a significant
binding loss of 46% after 4 h exposure to 3.8 x 10~9M insulin.

The sensitivity of insulin receptors to down regulation in HCT-
8 cells was also time and dose dependent. Paradoxically, how
ever, the degree of down regulation was inversely related to
insulin concentration such that a maximum decrease of binding
was observed after exposure to low concentrations (3.8 x 10"*

M) but almost no loss of binding was seen after exposure to
high concentrations (1.7 x 10~7M).

The breast tumor cell lines, T-47D and MCF-7 were routinely
grown in the presence of 10% FCS, insulin, and hydrocortisone
(T-47D only). The long-term exposure of these cells to elevated
levels of insulin might have contributed to their resistance to
down regulation despite removal of FCS and supplementary
hormones 24 h prior to testing. Thus additional studies of
insulin receptor down regulation were performed in these cells
after growth in MEM and 5% FCS only. The cells grew to
lower densities under these conditions than in the presence of
supplemented medium. However, when insulin binding was
measured as a function of hormone concentration and time of
exposure to insulin a similar resistance to down regulation was
seen to that observed under standard conditions (data not
shown).

In order to assess whether down regulation of insulin recep
tors was related to receptor loss or a change in the affinity of
insulin binding to receptor, equilibrium analysis of [125I]insulin

binding was performed before and after exposure of cells to
insulin. Binding curves for cells not previously exposed to
insulin are shown in Fig. 3. These have been generated from
pooled data from 3-5 individual experiments using the Ligand
program. Binding to T-47D cells showed best fit with a one-
site binding model and MCF-7 and HCT-8 cells showed best
fit with a two-site binding model (Table 1). The insulin binding
affinity for T-47D cells was similar to that obtained for the low
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Fig. 1. Time course of insulin binding.
Cells were preexposed to 0 (â€¢),17 (O), and
170 (D) nM insulin for 4 h at 37'C; then

exogenous insulin was dissociated at pH 7 for
l h at 37*C before cells were incubated with
['"Ijinsulin with or without unlabeled insulin
at 4'C for the times indicated on the abscissa.

Data are means of duplicates shown for two
separate experiments.

Fig. 2. Insulin receptor levels after prein-
cubation of cells with various insulin concen
trations for up to 7 h at 37'C (O, 3.8 x 1(T*
M;+, 1.7 X 10"*M; x, 1.7 x 10~7 M insulin).

After dissociation of exogenous bound insulin,
cells were incubated with |'"I]insulin Â±2 fiM
unlabeled insulin for 4 h at 4'C. Data are

expressed as a percentage change from control
cells preincubated for the same period without
insulin. Means Â±SE (bars) are shown; num
bers in parentheses, number of experiments; â€¢.
P < 0.05 compared with control cultures.

Fig. 3. Equilibrium binding of insulin to
cells in basal state. Symbols, different experi
ments. Line of best Til computed by Ligand
program.
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affÃ¯nitysite of MCF-7 and HCT-8 cells. There was no signifi
cant change in binding parameters in the two breast tumor cell
lines during attempted down regulation, as predicted from Fig.
2.

Down regulation in HCT-8 cells was associated with a trend
for binding affinity to increase and receptor number to decrease,
but in general these changes were not significant (Table 1).
However, changes in both receptor number and binding affinity
probably contribute to down regulation in this cell line, since a
significant decrease in overall binding of insulin was observed
during down regulation experiments (Fig. 2). Subsequently
these data were also analyzed after fitting to a one-site binding
model. Following preincubation with the lowest concentration
of insulin, when the greatest reduction in overall binding of

TOTAL CONCENTRATION OF INSULIN (Log1QM)

insulin was observed (Fig. 2), receptor number was reduced
with little change in binding affinity (Table 2). When the
preincubation medium contained 1.7 x 10 * M insulin the

number of receptors decreased further, but there was an asso
ciated increase in binding affinity, which could account for the
observed restoration of overall insulin binding as seen in Fig.
2. When the insulin concentration was raised further (1.7 X
10~7 M) there appeared to be both an increase in receptor

number and a further increase in affinity, restoring overall
insulin binding capacity to its control level. Insulin-induced
down regulation of insulin receptors in these cells thus appeared
complex and quite different from the pattern seen in normal
cells (1,2, 17).

These binding data were compared with the biological re-
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Table 1 Equilibrium insulin binding before and after receptor down regulation derived from Ligand analyses of pooled data

Insulin con- Highaffinityused

for down No. of ex- KÂ°Â±SE
Cell regulation (M) periments (10' x M ')T-47D

0 4 *
3.8 x 10-' 3
1.7 x IO"73MCF-7

0 3 3.38 Â±2.05
3.8x10-' 3 2.37 Â±1.93
1.7 x IO'7 3 2.33Â±1.64HCT-8

0 5 4.15 Â±1.02
3.8 x IO"' 4 3.82 Â±0.87
1.7 x 10-' 4 6.03 Â±3.43
1.7x10-' 5 4.62Â±1.25"

Kâ€žbinding affinity; N, binding site concentration.
h Data Tit best a single binding site model.
' Significant difference from zero insulin concentration (/' <0.05).Table

2 Equilibrium insulin binding to HCT-8 cells before and after receptor
down regulation using Ligand analyses of pooled data fitted to a

one-site bindingmodelInsulin

con
centration

used for down No. of ex- K* Â±SE R Â±SE N
regulation (M) pertinents (lO'xM'1) (fmol/ 10* cells) (%bound)0

5 1.58 Â±0.25 12.95 Â±1.20 0.1
3.8x10-* 4 1.43 Â±0.20 9.54 Â±0.82* 0.1
1.7x10-* 4 1.93 Â±0.27 9.09 Â±0.74* 0.1
1.7x10-' 5 2.16 Â±0.33 10.59 + 0.880.1"

Kâ€žbinding affinity; R, binding site concentration; N, nonspecific binding.
* Significant difference from zero insulin concentration by the Tukey Kramer

test (P <0.05).Table

3 Dose response curves for insulin-stimulated Â¡cucineincorporation into
protein over 7h%

response above basal at insulin concen
tration (M) (mean Â±SD) (n = 3)

DownCell regulation 10-* 10"' 10"'IO"Â«MCF-7

- 7Â±8 18 Â±7 27 Â±18 40 Â±12
+ 15 Â±11 15 Â±9 42 Â±24 52 Â±23T-47D

- 13 Â±13 14 Â±6 42 Â±9 51 Â±10
+ 8Â±7 13 Â±5 29 Â±1 37Â±14HCT-8

- 15 Â±5 14 Â±8 19 Â±5 23 Â±9
-1- 17 Â±13 21 Â±9 21 Â±14 33 Â±10sponse

to insulin in the same cells. The basal rate of incorpo
ration of [3H]leucine into protein over 7 h was not significantly

different between control cells and those preexposed to insulin.
The means and SDs for the dose-response curves for insulin-
stimulated [3H]leucine incorporation into protein are shown in

Table 3. Attempted down regulation of receptors by prior
exposure to insulin did not significantly alter the responsiveness
to insulin in any of the tumor cell lines. These results may be
contrasted to normal cells where down regulation of insulin
receptors is associated with a reduction in the subsequent
biological responsiveness of cells to insulin (9, 10).

The possibility was investigated that the practice of growing
breast tumor cell lines with supraphysiological concentrations
of insulin (MCF-7 and T-47D) and hydrocortisone (T-47D)

could influence the subsequent biological response to insulin
even though cells were deprived of insulin, hydrocortisone, and
PCS for 24 h prior to all experiments. However, when the two
breast tumor cell lines were grown in the presence of MEM
and 5% PCS alone, the responsiveness to insulin (before and
after receptor down regulation) was not significantly altered
(data not shown).binding

site Low affinity bindingsiteR

Â±SE K. Â±SE R Â±SE binding
(fmol/ 10' cells) (10" x NT') (fmol/ 10" cells) (%bound)'

0.93 Â±0.12 55.58 Â±7.09 0.1

1.33 Â±0.26 38.30 Â±7.00 0.1
1.02 Â±0.19 46.00 Â±8.320.11.93

Â±1.10 0.84 Â±0.24 68.04 Â±12.21 0.2
2.89 + 2.25 0.54 Â±0.21 113.4 Â±28.59 0.2
2.97 Â±2.12 0.76 Â±0.27 78.02 Â±15.620.25.60

Â±0.97 0.85 Â±0.32 34. 13 Â±7. 10 0. 1
3.83Â±0.73 1.15 Â±0.40 2 1.22 Â±3.70 0. 1
2.83+1.61 4.27 Â±2.57 11.47 Â±1.98' 0.1

5.01 + 1.01 1.25 Â±0.70 18.99 Â±5.480.1DISCUSSIONThis

study demonstrates that down regulation of insulin
receptors by exogenous insulin is virtually absent in two human
breast tumor cell lines and is also clearly different from normal
cells in a human colon tumor cell line. These findings are in
agreement with and expand previous results obtained in these
cells using a limited range of insulin concentrations over a fixed
time period (7). Normal cells show significant reduction in
hormone binding after several hours of exposure to as little as
IO"9 M insulin (1,7).

The paradoxical resistance of insulin receptors in HCT-8
cells to down regulation with exposure to increasing amounts
of insulin was associated with increased receptor binding affin
ity for insulin. HCT-8 cells appear to be very sensitive to down
regulation at mildly supraphysiological insulin concentrations
where loss of binding results from an apparent reduction in
receptor number with little change in binding affinity. However,
increasing insulin concentrations induce a resistance to down
regulation in HCT-8 cells. This is associated with an increased

receptor binding affinity, although there is a persisting reduc
tion in receptor number. The phenomenon is similar to that
seen in the Fao cell line derived from the Reuber H35 rat
hepatoma, where resistance of insulin receptors to down regu
lation also occurs and appears to be a consequence of increased
receptor affinity (18). The magnitude of change in binding
affinity observed in the present study is, however, less than that
observed in Fao cells. Changes of insulin receptor binding
affinity have also been described in rat chondrosarcoma cells
by Stevens et al. (19), where insulin induced an increase in high-
affinity insulin binding.

Insulin-stimulated protein synthesis was assessed in the pres
ent study to determine whether differences in receptor down
regulation between the breast tumor cell lines and the colon
tumor cell line were reflected in corresponding changes in
biological responsiveness to insulin. Down regulation had no
effect on the responsiveness of tumor cells to insulin. The breast
tumor cells were resistant to down regulation and therefore
little change in responsiveness to insulin would have been
expected. However, insulin binding to the colon tumor cell line,
HCT-8, decreased by 25% after 4 h exposure to 1.7 x 10~8 M

insulin and therefore a small loss in responsiveness to insulin
could have been expected. During the 7 h of insulin stimulation
used to assess [3H]leucine incorporation into protein, some

ongoing down regulation of receptors may have occurred es
pecially in control HCT-8 cells. However, the response to
insulin was similar when measured at either 2 (data not shown)
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or 7 h, suggesting that intraassay receptor down regulation did
not influence the pattern of biological response.

The present results indicate that two human breast tumor
cell lines are resistant to insulin-induced receptor down regu
lation and do not change their biological response to insulin
following prolonged hormone exposure. Insulin induces a re
sistance to receptor down regulation in a human colon tumor
cell line, although this is not reflected in an altered biological
response to insulin. It is possible that the abnormality of recep
tor down regulation in such cells may contribute to the abnor
mal pattern of cell growth typical of malignant transformation.

ACKNOWLEDGMENTS

Purified insulins and proinsulin were kindly provided by Novo Lab
oratories, Auckland, New Zealand. We would like to thank Drs. W.
Wilson and B. Baguley of the Auckland Cancer Research Laboratories
for the use of their cell culture laboratory, and Dr. S. Hannan and A.
Marshall of the Department of Medicine, University of Auckland for
statistical help. We are grateful to Professor P. Wiggins for her expert
help with data analysis.

REFERENCES

1. Baldwin, D., Jr., Prince, M., Tsai, P., Johnson, C., I,otan. R., Rubenstein,
A. H., and Olefsky, J. M. Insulin binding, intemalization and receptor
regulation in cultured human fibroblasts. Am. J. Physiol., 241: E251-E260,
1981.

2. Blackard, W. G., Guzelian, P. S., and Small, M. Down-regulation of insulin
receptors in primary cultures of rat hepatocytes in monolayer. Endocrinology,
103: 548-553, 1978.

3. Gavin, J. R., Roth, J., Neville, D. M., Jr., De Meyts, P., and Buell, D. M.
Insulin-dependent regulation of insulin receptor concentrations: a direct
demonstration in cell culture. Proc. Nati. Acad. Sci. USA, 71: 84-88, 1974.

4. Livingston, J. N., Purves, B. J., and Lockwood, D. H. Insulin-dependent
regulation of the insulin-sensitivity of adipocytes. Nature (Lond.), 278: 394-
396, 1978.

5. Sorge, L. K., and Hilf, R. Down-regulation of insulin receptors in primary
cultures of R3230 AC rat mammary adenocarcinoma cells. Endocrinology,
7/0:1155-1163, 1982.

6. Benson, E. A., and Holdaway, I. M. Regulation of insulin binding to human
mammary carcinoma. Cancer Res., 42: 1137-1141, 1982.

7. Mountjoy, K. G., Holdaway, I. M., and Finlay, G. J. Insulin receptor
regulation in cultured human tumour cells. Cancer Res., 43: 4537-4542,
1983.

8. Capeau, J., Flaig-Staedel, C., Beck, J. P., and Picard, J. Insulin induced
receptor regulation in cultured /ajÃlela rat hepatoma cells and relationship
to the stimulation of glycogen synthesis. Endocrinology, ///: 993-1000,
1982.

9. Marshall, S., and Olefsky, J. M. Effects of insulin incubation on insulin
binding, glucose transport, and insulin degradation by isolated rat adipocytes:
evidence for hormone-induced desensitization at the receptor and postrecep-
tor level. J. Clin. Invest., 66: 763-772, 1980.

10. Serravi'//a, J. C., Endo, F., De Haan, R. L., and Elsas, L. J. Insulin induced
receptor loss reduces responsiveness of chick heart cells to insulin. Endocri
nology, 113: 497-507, 1983.

11. Trimble, E. R., Weir, G. C., Gjinovci, A., Assimacopoulos-Jeannet, F., Benzi,
R., and Renold, A. E. Increased insulin responsiveness in vivo and in vitro
consequent to induced hyperinsulinaemia in the rat. Diabetes, 33: 444-449,
1984.

12. Hansen, F. M., Nilsson, P., Sonne, O., and Hustvedt, B. E. Variations in
insulin responsiveness in rat fat cells are due to metabolic differences rather
than insulin binding. Diabetologia, 24:131-135, 1983.

13. Lavau, M., Guerro-Millo, M., and Guichard, C. Hyperresponsiveness of
glucose metabolism to insulin in the adipocytes of young hyperinsulinemic
obese Zucker rats (Abstract). Diabetologia, 25: 175, 1983.

14. Munson, P. J., and Rodbard, D. Ligand. A versatile computerised approach
to characterization of ligand-binding systems. Anal. Biochem., 107: 220-
239, 1980.

15. Sokal, R. R., and Rohlf, J. F. Biometry. The Principles and Practice of
Statistics in Biological Research, Ed. 2. San Francisco: W. H. Freeman and
Company, 1981.

16. Snedecor, G. W., and Cochran, W. G. Statistical methods, Ed. 6. Ames,
Iowa: The Iowa State University Press, 1967.

17. Mott, D. M., Howard, B. V., and Bennett, P. H. Stoichiometric binding and
regulation of insulin receptors on human diploid fibroblasts using physiologic
insulin levels. J. Biol. Chem., 254: 8762-8767, 1979.

18. Crettaz, M., and Kahn, C. R. Insulin receptor regulation and desensitization
in rat hepatoma cells. Concomitant changes in receptor number and in
binding affinity. Diabetes, 33:477-485, 1984.

19. Stevens, U.I, Austen, K. F., and Nissley, S. P. Insulin-induced increase in
insulin binding to cultured chondrosarcoma chondrocytes. J. Biol. Chem.,
25Â«:2940-2944, 1983.

6504

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2958618/cr04724p16500.pdf by guest on 13 August 2022




