Proc. Natl. Acad. Sci. USA
Vol. 79, pp. 2822-2826, May 1982

Biochemistry

Control of insulin receptor level in 3T3 cells: Effect of insulin-
induced down-regulation and dexamethasone-induced
up-regulation on rate of receptor inactivation

(heavy-isotope density-shift technique)

VicTtoriA P. KNUTSON, GABRIELE V. RONNETT, AND M. DANIEL LANE*
Department of Physiological Chemistry, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Commaunicated by Albert L. Lehninger, February 1, 1982

ABSTRACT  Chronic exposure of 3T3 mouse fibroblasts to in-
sulin.or to the glucocorticoid dexamethasone induces down-reg-
ulation and up-regulation, respectively, of cell-surface and total
cellular insulin binding capacity. Both processes are reversed upon
withdrawal of the inducer. Scatchard analysis of insulin binding
for receptors in the down- and up-regulated states indicates that
the changes in binding capacity result primarily from alterations
in insulin receptor level. That these alterations in total receptor
level are due to changes in cell-surface receptor level is indicated
by the fact that the level of trypsin-insensitive, presumably intra-
cellular, insulin binding sites does not change appreciably upon

down- and up-regulation. The effects of insulin-induced down-reg- -

ulation and dexamethasone-induced up-regulation on the rates of
insulin receptor synthesis and decay were assessed by the heavy-
isotope density-shift technique. Cells were shifted to medium con-
taining heavy (*H, 'C, 'N) amino acids and, at various times after
the shift, light and heavy receptors solubilized from total cellular
membranes were resolved by isopycnic banding on density gra-
dients and then quantitated. It was demonstrated that the insulin-
and dexamethasone-induced alterations in insulin receptor level
were due entirely to changes in the rate constant for receptor in-
activation. The decrease in the first-order rate constant for re-
ceptor decay caused by dexamethasone is unexpected. in view of

the known action of steroid hormones in the induction of the syn- -

thesis of specific proteins.

The insulin receptor is a dynamic cellular protein whose equi-
librium concentration in the plasma membrane can be altered
by physiological perturbants. The effect of chronic treatment
of cells with insulin on cell surface insulin receptor level is well
documented. This phenomenon, known as ligand-induced re-
ceptor down-regulation, has been demonstrated in vivo with
circulating monocytes (1) and fat cells (2) from obese humans
and with cultured human IM-9 lymphocytes (3-6), rat hepa-
tocytes (7), and chicken hepatocytes (8). The reciprocal
effect—i.e., an increase in eell surface insulin binding capac-
ity—is observed upon removal of insulin from a down-regulated
system (3) or by induction of differentiation of 3T3-L1 preadi-
pocytes into adipocytes (9-11).

Changes in the level or affinity of hormone receptors can also
be induced by heterologous hormones (6). Glucocorticoids have
been shown to affect cellular levels of prolactin receptors (12),
epidermal growth factor receptors (13), and insulin:receptors

(14-18). It was of interest, therefore, to determine the mech- -

anism by which glucocorticoids induce an increased insulin
binding capacity of cells. -

In this report the effects of two antagonistic perturbants of
insulin receptor level in-3T3 cells are described: the effect of
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insulin, which causes down-regulation, and that of dexameth-
asone, which causes up-regulation of insulin receptor level. The
heavy isotope density-shift technique (8, 19, 20) was employed
to determine whether down- and up-regulation induced by
these agents results from changes in the.rates of receptor syn-
thesis or inactivation.

EXPERIMENTAL PROCEDURES:

3T3-C2 cells were cultured without insulin as previously de-
scribed (20), except that at 2 days after confluence fetal calf
serum (GIBCO) was used in place of calf serum for 4 days (two
feedings). At 6 days after confluence, insulin (Elanco, Indian-
apolis, IN) or dexamethasone (Sigma) was added at the concen-
tration and for the period of time noted in the figures.

Insulin was iodinated by the chloramine-T method and pu-
rified as described by Gavin et al. (3), to an average specific
activity of =1 uCi/pmol (1 Ci = 3.7 X 10' becquerels); the
15[ ]labeled insulin (***I-insulin) was 97-99% precipitable in
10% (wt/vol) trichloroacetic acid. Immediately before use, an
aliquot of the '*I-insulin was further purified by gel filtration
on Sephadex G-50 (21). Prior to determination of insulin binding
capacity, cell monolayers in 6-cm culture dishes were subjected
to the ligand debinding protocol (21); %I-insulin binding to cell-
surface or total cellular insulin receptors was then determined
(21). The debinding protocol was judged efficient in removing
insulin from cell monolayers by demonstrating that no cell-as-
sociated, trichloroacetic acid-precipitable radioactivity was de-
tectable after imposing this gsrocedure on cell monolayers pre-
viously exposed to 1.7 uM I-insulin (3 X 108 cpm/nmol) for
24 hr. Total cellular insulin receptor represents receptor quan-
titatively extracted with Triton X-100 from total cellular mem-
branes and isopycnically banded on CsCl density gradients (21).

Light and heavy receptors in the Triton X-100 extracts of total
cellular membranes were isopycnically banded on CsCl density
gradients and quantitated as described earlier (20, 21), except
that insulin binding capacities of the gradient fractions were
measured with 0.6 nM *L-insulin by using the polyethylene
glycol precipitation method (22) as modified by Krupp and Liv-
ingston (23). Nonspecific insulin binding was determined by
using 3 uM unlabeled insulin. Isopycnie banding of the insulin -
receptor was performed as described (20, 21).

The density-shift experiments were performed as previously
reported (20, 21) with some modification. Heavy amino acids
were isolated by ion-exchange chromatography after acid hy-
drolysis of delipidated Chorella pyrenoidoesa cells that had been
isotopically labeled and 99 mol % enriched in C, *N, and *H
(Los Alamos Scientific Laboratory, Los Alamos, NM). To 90 ml -
of amino acid-free culture media were added 150 mg of heavy
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amino acids, 10 ml of undialyzed fetal calf serum, 0.8 mg of tryp-
tophan, 3 mg of cystine, 6 mg of glutamine, and insulin or dexa-
methasone as dictated by the experiment. The dense amino
acids were dissolved in phosphate-buffered saline and sterilized
by filtration prior to use.

To inactivate cell-surface insulin receptors, cell monolayers
were subjected to the ligand debinding protocol to remove in-
sulin and serum factors and were then incubated for 20 min at
37°C with trypsin (twice recrystallized, Worthington) at 20 ug/
ml in phosphate-buffered saline, pH 7.4. After incubation, the
trypsin solution was aspirated and replaced with 2 ml of ice-cold
soybean trypsin inhibitor (60 ug/ml, Sigma) in Krebs—Ringer
phosphate buffer, pH 7.4, containing 1% bovine serum albu-
min. Monolayers were then washed four times with 3 ml of the
Krebs-Ringer buffer/serum albumin at 4°C and surface or total
soluble receptor binding assays were performed as described

above.
RESULTS AND DISCUSSION

Insulin-Induced Down-Regulation and Dexametha-
sone-Induced Up-Regulation of Insulin Receptor Level. Like
certain other cell types, 3T3-C2 mouse cells undergo insulin-
induced down-regulation of insulin receptor level. In addition,
3T3-C2 cells can be induced to up-regulate insulin receptor
level by exposure to dexamethasone. The concentration de-
pendences of these changes in cell-surface #I-insulin binding
capacity by cell monolayers exposed to insulin for 12 hr or dexa-
methasone for 24 hr are shown in Fig. 1. Chronic treatment with
insulin produced maximal down-regulation at between 1 and
10 nM, whereas chronic exposure to dexamethasone caused
maximal up-regulation at 10-100 nM.

The kinetics of insulin-induced down-regulation and dexa-
methasone-induced up-regulation are shown in Fig. 2. After the
addition of insulin, cell-surface insulin binding capacity de-
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FiG. 1. Dependence of down-regulation and up-regulation of cell-
surface insulin binding capacity on insulin and dexamethasone con-
centration, respectively. Confluent cell monolayers were incubated for
12 hr in insulin-containing medium or 24 hr in dexamethasone-con-
taining medium. Cell monolayers were subjected to the ligand-de-
binding procedure, after which specific 12°I-insulin binding capacity
at 0.6 nM ligand was determined. Untreated control cell monolayers
had a specific insulin binding capacity of 10 fmol per 6-cm dish.
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Fic. 2. Kinetics of insulin-induced down-regulation and dexa-
methasone-induced up-regulation and reversal after inducer with-
drawal. ®I-Insulin binding (at 0.6 nM) was determined at various
times after the addition (A) and removal (B) of 1.7 uM insulin or after
the addition (C) and removal (D) of 1.3 uM dexamethasone.

creases to a new equilibrium level, 50% lower than that of un-
treated cells, in 10-12 hr (Fig. 2A); the half-life of this process
is approximately 2 hr. Up-regulation induced by dexametha-
sone is a much slower process (Fig. 2C); after a lag of 3-6 hr,
surface binding rises, reaching a plateau level about 48 hr after
addition of dexamethasone. Cell-surface insulin binding capac-
ity doubles with a half-time of about 24 hr.

The effects of both insulin and dexamethasone on cell-surface
binding are reversible. When insulin-treated monolayers were
washed five times with insulin-free culture medium (20-min
incubations at 37°C between the last three washes), 12 hr after
the initial exposure to insulin (Fig. 24), surface insulin binding
capacity returned to initial control levels within 12 hr (Fig. 2B).
The half-life for recovery is approximately 8 hr. Surface binding
of dexamethasone-treated cells, subjected to the same debind-
ing protocol as above (but with dexamethasone-free medium)
48 hr after the initial exposure to dexamethasone, also returned
to hcontrol levels within 12 hr (Fig. 2D) but with a half-life of only
2 hr.

The changes in surface binding accompanying insulin or
dexamethasone treatment are due primarily to alterations in the
number of insulin binding sites and not to changes in the affinity
of the receptor for insulin. Scatchard analysis of the binding iso-
therms of receptors from control and dexamethasone- and in-
sulin-treated cells (Fig. 3) reveals similar high-affinity dissocia-
tion constants (0.41-0.45 nM) but appreciable changes in the
number of insulin binding sites per cell. The increase in total
surface sites expressed after exposure of cells to dexamethasone
is consistent with the 2-fold increase in surface binding observed
at 48 hr in Fig. 2C. Similarly, the insulin-induced decrease in
cell-surface insulin binding (Fig. 24) at 12 hr is consistent with
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Fic. 3. Scatchard plots of cell-surface and total detergent-extract-
able isopycnically banded (Inset) insulin receptors from insulin-in-
duced down-regulated (»), dexamethasone-induced up-regulated (0),
and untreated control (e) cells. Confluent monolayers of 3T3-C2 cells
were down-regulated for 12 hr with 1.7 uM insulin or were up-regu-
lated for 24 hr with 1.3 uM dexamethasone. After the cell monolayers
were subjected to the ligand-debinding procedure, 1**I-insulin binding
by cell monolayers or isopycnically banded receptor solubilized with
Triton X-100 from total cellular membranes was determined.

the decrease in the number of total surface receptors per cell
derived from Scatchard plots (Fig. 3). Scatchard analysis (Fig.
3 Inset) of total cellular insulin binding capacity—i.e., receptors
extracted from total cellular membranes with Triton X-100—like
cell-surface insulin binding capacity, showed that the changes
induced by insulin and dexamethasone were due to changes in
number of receptors per cell rather than to alterations in their
affinity for insulin. Thus, it can be concluded that the total num-
ber of receptors as well as the number of cell-surface receptors
decrease during insulin-induced down-regulation and increase
upon dexamethasone-activated up-regulation.

From these results, it appeared that the number of intra-
cellular (total minus surface) insulin binding sites remained rel-
atively constant at about 20,000 sites per cell, despite the 2-fold
increase or the 2-fold decrease in surface sites. To test this hy-
pothesis, intact cell monolayers were subjected to mild trypsin
treatment to proteolyze and inactivate cell-surface receptors.
As shown in Fig. 4, >95% of the specific cell-surface insulin
binding sites were inactivated within 20 min (Fig. 4). Under
these conditions cells remained firmly attached to the culture
dish and nonspecific binding did not change.

After a 12- or 24-hr exposure to insulin or dexamethasone,
respectively, cell monolayers were treated with trypsin to in-
activate cell-surface receptors and the remaining intracellular
insulin binding sites were extracted with Triton X-100 and
quantitated. While chronic exposure to insulin or dexametha-
sone had caused down- or up-regulation, respectively (Fig. 3),
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Fic. 4. Loss of cell-surface insulin binding capacity by treatment
of cell monolayers with trypsin. 3T3-C2 cell monolayers were treated
with trypsin at 20 ug/ml and 37°C for the times indicated (or Inset, 20
min); the reaction was terminated with trypsin inhibitor at 60 ug/ml
followed by washing and subjecting the monolayers to the ligand-de-
binding protocol. (Inset) After insulin-induced down-regulation or
dexamethasone-induced up-regulation (see Fig. 2), cell monolayers
were either treated or not treated with trypsin; the remaining insulin
binding capacity of solubilized total cellular receptors, extractable
from total cellular membranes with Triton X-100 and isopycnically
banded on CsCl gradients, was determined.

of both total cellular and cell-surface receptors, the number of
total cellular insulin binding sites resistant to trypsin (presum-
ably intracellular) remained constant (Fig. 4). These results in-
dicate that the decrease or increase in total cellular receptor
level during down- or up-regulation, respectively, was due pri-
marily to changes in cell-surface insulin-receptor level.

Effect of Insulin-Induced Down-Regulation and Dexameth-
asone-Induced Up-Regulation on Rates of Insulin Receptor
Synthesis and Decay. The heavy isotope density-shift method
(8, 20, 21) was used to determine whether insulin-induced
down-regulation and dexamethasone-induced up-regulation re-
sulted from a change in rate of receptor synthesis or decay. After
exposure to insulin for 12 hr or dexamethasone for 24 hr, cell
monolayers were shifted from normal medium containing light

'H, 2C, N) amino acids to medium containing heavy (>95%
2H 18¢, 15N) amino acids. After the density shift, formation of
new heavy receptors and concomitant decay of old light recep-
tors were monitored. Light and heavy receptors extracted from
total cellular membranes were isopycnically banded on CsCl
density gradients and quantitated (see Experimental Proce-
dures) at 0, 3, 6, 9, 13, and 18 hr after the density shift. Typical
banding profiles for light and heavy insulin receptors from con-
trol, insulin down-regulated, and dexamethasone up-regulated
cells before and 13 hr after the shift to “heavy” medium are
shown in Fig. 5.

Comparison of the relative amounts of light receptor (rep-
resented by the peak areas in Fig. 5 A, C, and E) at 0 hr, just
before the density shift, shows that chronic exposure of the cells
to insulin or dexamethasone caused the expected down-regu-
lation or up-regulation, respectively, of total cellular insulin re-
ceptor level. Thirteen hours after the density shift, however,
the size of the light receptor peak, relative to the heavy receptor
peak, was markedly lower in insulin down-regulated cells (Fig.

and higher in dexamethasone up-regulated cells (Fig. 5F)
than in control cells (Fig. 5B), suggesting that corresponding
changes in receptor decay rate had occurred. From the inte-
grated areas of the light and heavy receptor peaks in the density
gradients shown in Fig. 5, progress curves for the decay of light
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FiG. 5. Isopycnic banding of solubilized receptors from control (4,
B), insulin-induced down-regulated (C, D), and dexamethasone-in-
duced up-regulated (E, F) cells before (4, C, and E) and 13 hr after (B,
D, and F) the addition of medium containing heavy amino acids. 3T3-
C2 cells were down-regulated for 12 hr or up-regulated for 48 hr as in
Fig. 2 prior to the shift to heavy amino acids. At 0, 3, 6, 9, 13, and 17
hr after the shift, cellular receptors were extracted from total cellular
membrane and banded isopycnically on CsCl density gradients, after
which light and heavy receptors were quantitated; only the gradients
at 0 and 13 hr are shown. Light receptor bands at fractions 23-24 and
heavy receptor bands at fractions 15-16.

receptor and the formation of newly synthesized heavy receptor
were generated (results not shown). These kinetic plots showed
that chronic exposure of 3T3-C2 cells to insulin promotes more
rapid decay of total cellular insulin receptors, whereas dexa-
methasone slows this process.

The reciprocal effects of insulin and dexamethasone on total
cellular insulin receptor level in 3T3-C2 cells can be accounted
for almost entirely by changes in the rate constant for receptor
decay. As shown in Fig. 6, the t,,, for insulin receptor decay in
control cells of 10.2 hr was shortened to 4.2 hr in cells down-
regulated by insulin and lengthened to 18 hr in cells up-regu-
lated by dexamethasone. From the results summarized in Table
1, it is evident that the rate of insulin receptor synthesis is es-
sentially the same whether experimentally determined from the
limiting slopes of the progress curves for heavy receptor syn-
thesis (190-220 sites per cell per hr at 0.6 nM insulin) or cal-
culated from R, = kg/kp, (220-260 sites per cell per hr at 0.6
nM insulin, Table 1). It appears, therefore, that the control of
insulin receptor level by insulin and dexamethasone in 3T3-C2
cells is exerted at the level of receptor decay, rather than re-
ceptor synthesis. With respect to dexamethasone, this is an
unexpected mechanism of action for a steroid hormone. Ste-
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Fig. 6. Semilogarithmic plots for the decay of light receptor in con-
trol (e), insulin-induced down-regulated (o), and dexamethasone-in-
duced up-regulated (a) 3T3-C2 cells. Cells were subjected to the heavy-
isotope density-shift protocol (Fig. 5) and analyzed as described in Ex-
perimental Procedures and ref. 21; data points represent average val-
ues from two experiments. The ¢,,, values, in hr, are given for each
curve.

roid-receptor interactions with nuclear chromatin are known
to result in concomitant increases in specific protein synthesis
(24), not inactivation as demonstrated here. It is possible, how-
ever, that dexamethasone induces the synthesis of a protein that
inhibits the insulin receptor inactivation process.

An earlier study with cultured chicken hepatocytes (8) dem-
onstrated that insulin-induced down-regulation of cell-surface
receptors in this cell system resulted in conservation of the total
number of cellular receptors, rather than a decrease as shown
here, with no effect on the rate constant for receptor decay. This
difference may be due to a cell-type-dependent change in a rate-
determining step—i.e., a kinetic difference—in the pathway
leading to receptor decay or in a competing pathway of receptor
metabolism. Results are not yet available to distinguish between
these possibilities.

Table 1. Effect of insulin-induced down-regulation and
dexamethasone-induced up-regulation on the kinetic
constants for insulin receptor synthesis and decay

. k
Insul s
m‘;;‘r sites/cell hr~!

level * ty0,7 kp,t Mea- Calcu-

Treatment sites/cell hr hr'!  suredt lated?
Control 3,200 10.2 0.068 190 220
Down-regulated

(+ insulin) 1,380 4.2 0.164 220 230
Up-regulated

(+ dexameth-

asone) 6,800 18.0 0.038 210 260

* Sites per cell were measured at 0.6 nM '*I-insulin with soluble re-
ceptor from total cellular membranes banded isopycnically on CsCl
density gradients under conditions identical to those employed to
determine the kinetic constant for synthesis, kg, and the kinetic con-
stant for decay, kp. Because the binding isotherms on Scatchard plots
for receptors from control, down-regulated, and up-regulated cells are
parallel, sites per cell at 0.6 nM are a measure of the total number
of high-affinity receptors.

* Results from Fig. 6.

#Determined from the limiting slopes of progress curves for heavy
receptor formation and sites per cell at 0.6 nM insulin.

§ Calculated from R, = kg/kp, in which R, is sites per cell at 0.6 nM
insulin.
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The density-shift method used in this investigation has iden-
tified receptor inactivation as the rate-limiting step modulated
by insulin-induced down-regulation and dexamethasone-in-
duced up-regulation. This step is of key importance in the path-
way leading to the degradation of receptor protein because it
is the point at which receptor function is lost. Several lines of
evidence suggest that the site of inactivation of the insulin re-
ceptor may be at the plasma membrane, rather than intracel-
lularly as generally believed. In 3T3-C2 cells most of the re-
ceptor is located on the cell surface and is subject to inactivation
by trypsin (Fig. 3 Inset). Whereas cell-surface receptor level
differs widely (4-fold) in down- and up-regulated cells (Fig. 2),
the insulin binding capacity of the trypsin-insensitive, presum-
ably intracellular, compartment is invariant (Fig. 4 Inset). The
constancy of the level of insulin binding in this pool suggests
that receptor in this compartment is derived from newly syn-
thesized receptor and, therefore, would not be affected by per-
turbants—e.g., insulin or dexamethasone, that act distally on
the receptor inactivation step. Were the rate-limiting receptor
inactivation step (affected by insulin and dexamethasone) to
occur intracellularly, far greater fluctuations in the level of re-
ceptor in the trypsin-insensitive pool would have been expected
in the down- versus up-regulated states. Consistent with this
proposal, we have recently shown (25) that insulin receptor is
inactivated in a chloroquine-insensitive nonlysosomal cell com-
partment, whereas, its ligand is degraded in the chloroquine-
sensitive lysosomal compartment. Further work will be re-
quired to establish how insulin receptor inactivation is pro-
moted by insulin and is attenuated by glucocorticoids.
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