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ABSTRACT

Insulin binding and receptor tyrosine kinase activity were investigated
in the insulin-responsive R3230AC mammary adenocarcinoma. Insulin
receptors, partially purified by wheat germ agglutinin-agarose Chroma
tograph), displayed electrophoretic properties similar to those of normal
tissues and demonstrated autophosphorylation of the ft subunit. Tyrosine
kinase activity of tumor preparations was measured by incorporation of
32P from ATP into the synthetic polypeptide substrate glutamic
adds,,:! yrosineÂ»!,.The A',,,(app) for ATP, 15 to 30 nM in tumors from
ovariectomized or intact rats, appeared to be increased by 10~7M insulin

in vitro, with the calculated Â¥â€žÂ»Â»increased by 3- to 5-fold; the Kr, (app)
for glutamic acidso^yrosine^o was 2 to 3 nM and insulin increased the
Vm.Â«by 25 to 50%. The effects of diabetes and insulin treatment and of
various doses of estradiol, progesterone, estradiol plus progesterone, or
tamoxifen on insulin binding, basal tyrosine kinase activity, and insulin
inducible tyrosine kinase activity in vitro were studied in tumors from
treated animals. Preparations from diabetic rats had elevated insulin
binding and basal tyrosine kinase activity and displayed a striking dose-
related increase in the ability for insulin induction of tyrosine kinase
activity in vitm compared to intact animals; these effects of diabetes
were prevented by administration of insulin. Over comparable doses,
insulin growth factor 1 added in vitro induced tyrosine kinase activity
minimally versus that seen for insulin. Treatment of rats with pharma
cological doses of sex steroid hormones produced changes in insulin
binding capacity and/or basal tyrosine kinase activity and, depending on
dose, usually resulted in increased basal kinase activity relative to insulin
binding. The insulin-inducible increase in tyrosine kinase activity in vitro
was not altered by treatment with estradiol or estradiol plus progesterone
in vivo, whereas high doses of progesterone attenuated the response. A
consistent finding with increasing doses of sex steroids was an increase
in the half-maximum dose or 50% maximum induction dose for insulin,
implying reduced responsiveness. Tamoxifen administered to intact rats
increased insulin binding and blunted the insulin-induced increase in
tyrosine kinase in vitro; these effects were not seen in ovariectomized
rats. We conclude that: (a) insulin receptors from R3230AC mammary
tumors display properties similar to those of nonneoplastic tissues,
including induction of tyrosine kinase activity by insulin in vitro; (b)
tumor preparations from diabetic rats showed enhanced induction of
tyrosine kinase to insulin versus intact or insulin-treated diabetic rats; (c)
coordinate regulation of insulin binding and basal tyrosine kinase activity
was not observed for tumors from sex steroid-treated rats; (</) progester
one at therapeutic doses blunted the insulin-induced increase in tyrosine
kinase activity; (e) pharmacological doses of these sex steroids increased
the 50% maximum induction dose for insulin induction of tyrosine kinase
activity; and (/) modulation of insulin-induced tyrosine kinase by thera
peutic doses of sex steroids may be a potential site for influencing the
action of insulin on this neoplasm.

INTRODUCTION

There is growing evidence for the role of insulin as a hor
monal factor in mammary cancer, based on the alterations of
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growth of rodent and human tumor cells subsequent to pertur
bations of the insulin milieu (1-8). Furthermore, data have been
obtained that implicate insulin as a regulatory hormone for
estrogen receptors (9-11), and reports have appeared indicating
that estrogens and progesterone affect insulin receptors (12-
14). On the basis of these findings, we have proposed that
interrelationships between sex steroids and insulin action
should be considered when defining mechanisms for regulation
of mammary cancer growth (15, 16).

The action of insulin, as with other polypeptide hormones,
is initiated by binding of the hormonal ligand to its plasma
membrane receptor. The insulin receptor is a glycoprotein
heterotetramer, each dimer consisting of an a subunit, Mr
130,000, which contains the ligand recognition site, and a ÃŸ
subunit, M, 95,000, which contains the kinase catalytic domain
(reviewed in Refs. 17 and 18). The observed insulin-induced
autophosphorylation of the ÃŸsubunit is considered to be a
critical event for expression of its TyrK3 activity, which is

postulated to be a mechanism for mediation of the insulin
signal (19, 20). The fact that other growth factor receptors,
such as epidermal growth factor and IGF-1, also possess TyrK
activity has given further credence to the importance of this
inherent property of these receptors (21).

Previous studies with the R3230AC hormone-responsive
transplantable mammary adenocarcinoma have shown that the
characteristics of the insulin receptor in these tumors are com
parable to those reported for normal tissues, e.g., binding affin
ity, specificity for ligand, down-regulation by insulin, etc. (22-

24). The supposition that estrogens may regulate insulin recep
tors in this tumor was based on increased insulin binding after
ovariectomy and decreased binding after estradiol administra
tion in vivo (9) and demonstration of estradiol down-regulation
of insulin receptors in cultured R3230AC cells in vitro (13). In
the present experiments, we examined the effects of various
hormonal perturbations in vivo on the TyrK activity of the
insulin receptor, and its induction by insulin in vitro, since this
is a potential site of action for modulation of insulin receptors.
Data are also presented on the effects of diabetes and insulin
treatment on TyrK activity of tumor insulin receptors, results
that differ from those reported for nonneoplastic tissues.

MATERIALS AND METHODS

Tumor Transplantation and Animal Injections. Thirty-five-day-old
Fischer rats from Charles River Breeding Laboratory (Wilmington,
MA) were implanted s.c. with the R3230AC mammary adenocarcinoma
by a sterile trocar technique as described by Hilf et al. (25). Animals
were ovariectomized 1 week prior to tumor implantation. Some OVEX
animals were given injections of either estradiol valerate (0.01 to 1 mg)
or hydroxyprogesterone caproate (0.2 to 50 mg) twice weekly for 2.5
weeks, beginning 4 days after tumor implantation. Diabetes was induced
with streptozotocin as described previously (26). Insulin administration

3The abbreviations used are: Glu4:Tyrl, glutamic acidw>:tyrosine2o;OVEX,
ovariectomized; TyrK, tyrosine kinase; IGF-1, insulin growth factor 1; HEPES,
4-(2-hydroxyethyl)-l-piperazineethanesulfonicacid; BSA, bovine serum albumin;
HAB buffer, HEPES buffer, pH 7.4, containing 2 mg/ml BSA and l mg/ml
bacitracin; SDS, sodium dodecyl sulfate; ED,,,, amount of insulin producing 50%
of the maximum induction.
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consisted of twice daily injections of 3 IU profumine zinc insulin for 3
days, a regimen that normalized glucose levels in blood and urine (26).
Animals were sacrificed 24 h after the last injection. Control animals
(intact or OVEX) were used at the same stage of tumor growth, 17 to
21 days after implantation. The tumor was excised and a piece was
removed for the receptor preparation.

Preparation and Purification of Insulin Receptors. A piece of tumor
(0.3 to 0.6 g) was homogenized in a solubilizing buffer containing SO
HIMHEPES, 5 HIMsodium vanadate (ortho), 100 m\r sodium fluoride,
5 mM EOT A, 2 mM /Â»-nitrophenylphosphate, 1 mg/ml bacitracin, 1
IHMphenylmethylsulfonyl fluoride, 1 mM iodoacetamide and 2% Triton
X-100. The hormigÃ³natewas solubilized (on ice) for l h and centrifuged
for 30 min at 50,000 x g (13). The supernatant was applied to a 2-ml
wheat germ agglutinin-agarose column that had been washed exten
sively with alternating acidic (l M acetic acid containing 0.1% Triton
X-100) and alkaline (50 mM HEPES containing 0.1% Triton X-100,
pH 7.4) solutions. After the receptor preparation was recycled 4 times,
the column was washed with a solution containing 50 mM HEPES,
0.1% Triton X-100, and 150 mM NaCl. The receptor was eluted with
2.5 ml of a solution of 50 mM HEPES and 0.1% Triton X-100
containing 0.3 M .V-acetylglucosaminc (27, 28); receptor was obtained
in the eluant subsequent to the first ml, which was discarded. The
resulting receptor preparation contained approximately 3 mg/ml pro
tein as measured by the method of Lowry et al. (29). This eluant
containing partially purified insulin receptors was used for all further
studies.

Samples obtained from each treatment group showed similar recov
eries of insulin binding (>85%). The recycling procedure on the column
resulted in an average 50-fold purification; initial binding ranged from
0.06 to 0.54 fmol insulin bound/100 ng protein versus 4 to 15 fmol
insulin bound/100 ^g protein in the column eluates. No differences in
recovery or fold purification could be attributed to any particular
treatment regimen in vivo.

Insulin Binding. Insulin binding was performed as reported previously
(13). Briefly, crystalline porcine insulin was labeled sto ichiometrically
with Nal25I using chloramine-T, according to the method of Freychet

et al. (30). Binding to the partially purified receptor was measured
using 2 x 10~'Â°M '"I-labeled insulin, plus or minus 1000-fold excess
unlabeled insulin, for 18 h at 4Â°C in HAB buffer. Under these condi
tions, degradation of '"I-Iabeled insulin was less than 3% based on
recovery of radioactivity in the trichloroacetic acid precipitate. The '"!-
insulin bound to the receptor was separated from the free 12*I-insulin
by the addition of 25% polyethylene glycol and 1 mg/ml bovine y-
globulin. After centrifugation and washing, the resulting pellet was
counted in a Beckman 8000 gamma counter (Beckman Instrument Co.,
Palo Alto, CA). Previously, we demonstrated similar saturation kinetics
for the solubilized receptor preparations and binding of insulin to whole
cell preparations (13).

Interaction of Receptor Preparations with AntÂ¡serumto Insulin Recep
tor. To confirm that these insulin-binding preparations contained in
sulin receptors, we utilized a polyclonal antiserum, designated 1.2, that
was prepared by immunizing a rabbit with highly purified rat liver
insulin receptor. This antiserum has been described in detail previously
(31). In brief, L-2 does not inhibit insulin binding but does provoke an
increase in TyrK activity of the detergent-extracted insulin receptor.
The available data suggest that the antiserum is directed primarily
against the ÃŸsubunit of the receptor. To our knowledge, this antiserum,
which immunoprecipitates the insulin-receptor and any insulin specif
ically bound to the receptor, does not participate in any significant
fashion in the interaction between hormone and receptor.

One aliquot of partially purified tumor insulin receptor was used for
the standard insulin-binding assay. Two additional aliquots were taken
and treated as follows. To each 30 Â¿ilof the partially purified receptor,
in HAB buffer, 2 x 10"'Â°M 125I-insulinwas added and incubated for 3
h at 4"C, after which 50 M' of a 1:10 dilution of the antiserum were

added to one of these samples and 50 n\ of rabbit serum were added to
the other sample, the final volume being 0.5 ml.4 These samples were
incubated overnight at 4'C.

4 The L-2 antiserum could have been added simultaneously with the labeled

insulin and the experiment would have been successful. For convention as much
as for any other reason, the tracer insulin Â±native insulin was added 3 h prior to
the antiserum.

The next day, separate tubes containing a pellet of protein A were
prepared. The actual preparation of protein A was Staphylococcus
aureus (Pansorbin; Boehringer Mannheim, Indianapolis, IN). The fixed
bacterial cell suspension was washed in 1% Triton X-100-0.05% SDS-
50 mM Tris-HCI, pH 7.4, followed by a wash in the HAB buffer before
adding the receptor preparation. After the overnight incubation, the
receptor-containing samples were added to the protein A pellet in the
microfuge tube. After a 1-h incubation at 4Â°C,each tube was centri

fuged, the pellet was washed twice with HAB buffer, and the radioac
tivity in the resulting pellet was counted in a Beckman gamma 8000
(31).

Insulin-induced Autophosphorylation. Insulin-induced receptor auto-
phosphorylation was measured as detailed by Zick et al. (32). Briefly,
300 n\ of the partially purified receptor, containing approximately 1
mg of protein, were incubated in the presence or absence of l O"7 M
insulin for 20 min at 24 Â°C.The mixture was then placed on ice and
500 UM [7-32P]ATP was added to start the reaction. After a 10-min

incubation, the reaction was stopped. A 1:25 dilution of the antiserum
was added and the mixture was incubated overnight at 4V (31). Protein
A was then added and incubated for l h at 4'C. The immunoprecipitate

was collected and washed according to the method of Fujita-Yamaguchi
et al. (33). The receptor was extracted from the immunoprecipitate and
subjected to sodium dodecyl sulfate electrophoresis under either reduc
ing (34) or nonreducing conditions (35). For the former, the pellet was
boiled for 3 min in 3.8% SDS-80 mM Tris pH 6.8-5% /3-mercaptoeth-
anol for extraction. For the nonreducing conditions, the pellet was
boiled for 3 min in 1% SDS-10 mM phosphate buffer, pH 7.O. Auto-
radiography was carried out on the dried gel as described by Lerea and
Livingston (35).

Assay of Tyrosine Kinase Activity with the Artificial Substrate
Glu4:Tyrl. The ability of the partially purified insulin receptor to
phosphorylate an artificial substrate was assessed, using the methods
of Braun et al. (36) and Stadtmauer and Rosen (37) with some modi
fications. Thirty n\ (about 100 ^g protein) of the partially purified
receptor were preincubated for 20 min at 24'C in the presence or
absence of 10 M'of insulin (10~'Â°to 5 x 10~7M) in a solution containing

50 mM HEPES, 0.1% Triton X-100 and 0.2% BSA, pH 7.4, to which
Id //I of the ion-substrate mixture were added. The final concentration
of components in the ion-substrate mixture in the assay was 10%
glycerol, 10 mM MgCl2, 2 mM MnCl2, 10 /ig/ml BSA, 2 mM p-
nitrophenylphosphate, and 1 mg/ml of the artificial substrate,
Glu4:Tyrl. In some experiments, the final concentration of glycerol
was reduced to 1% because of solubility problems with certain lots of
GIu4:Tyrl; this modification did not affect the results. The phospho-
rylation reaction was initiated by the addition of 10 pC\ [-y-32P]ATP

and unlabeled ATP to a final concentration of 50 /IM. After 20 min of
incubation at 24Â°C,20 n\ of a solution containing 20 mM EDTA, 200

mM NaF, 40 mM sodium pyrophosphate, 40 mM sodium phosphate,
40 mM ATP, 40 mM HEPES, and 0.4% Triton X-100 were added to
stop the enzyme reaction. Incorporation of [7-32P]ATP into the artificial
substrate was determined by applying 30-/il aliquots of the reaction
mixture to Whatman No. 3MM filter paper discs. The discs were
placed in 500 ml 10% trichloroacetic acid containing 1 mM sodium
pyrophosphate for 15 min. The solution was decanted and this wash
procedure was repeated 4 times. The filter paper disc remained in the
last wash overnight to help reduce the background radioactivity. The
next day, the filter papers were transferred to 95% ethanol for 15 min,
washed in ethyl ether, and allowed to air-dry. The discs were placed in
minivials, ACS was added, and they were counted in a liquid scintilla
tion counter (38). Under the conditions stated, 32P incorporated into

Glu4:Tyrl displayed a linear time course for 20 to 30 min and over a
range of 50 to 300 Â¿igprotein in the receptor preparations.

Reagents. Bacitracin, BSA (radioimmunoassay grade), polyethylene
glycol (M, 8000), bovine 7-globulin, iodoacetamide, phenylmethylsul
fonyl fluoride, p-nitrophenylphosphate, jV-acetylglucosamine, Glu4:
Tyrl, and HEPES were purchased from Sigma Chemical Co. (St. Louis,
MO). Protein A came from Calbiochem-Behring (Los Angeles, CA).
Na'25I and [-y-"P]ATP were purchased from Amersham (Amersham

Searle Corp., Arlington Heights, IL). Crystalline porcine insulin was a
gift of Dr. Mary Root (Eli Lilly Co., Indianapolis, IN). IGF-1 was
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purchased from Amgen (Thousand Oaks, CA). Estradici vaierete (Del-
estrogen) and 17-hydroxyprogesterone caproate (Delalutin) were from
E. R. Squibb and Sons (Princeton, NJ). Wheat germ agglutinin-agarose

came from either EY Laboratories (San Mateo, CA) or Pharmacia PL
Biochemicals (Piscataway, NJ). All other chemicals were reagent grade.

RESULTS

Characterization of Insulin Receptor Autophosphorylation. At
the outset, insulin receptors from R3230AC mammary tumors
from either intact or OVEX rats were solubilized and partially
purified by wheat germ agglutinin-agarose column chromatog-
raphy; autophosphorylation was examined by gel electropho-
retic techniques (Fig. 1). Based on the autoradiographic evi
dence, insulin receptors from R3230AC tumors behaved simi
larly to receptors from other tissues, displaying radioactivity in
species with approximate molecular weights of about 398,000
and 338,000 (39). When these labeled species were reduced and
then electrophoresed in SDS-acrylamide gels, radioactivity was
seen in one species with an estimated molecular weight of
95,000, implying that 32P was labeling the ÃŸsubunit (19, 20).
In other experiments, 80% of the 125I-insulin bound to partially

purified insulin receptor preparations was precipitated by the
antibody to the receptor; less than 1% of the counts were found
when aliquots were treated with IgG.

Also shown in Fig. 1 is the effect of insulin stimulation on
autophosphorylation. This was investigated in partially purified
receptors prepared from tumors of animals given various doses

Non-Reduced Reduced

Mr

of estradici and incubated with or without insulin in the pres
ence of [32P]ATP. Radiographs of the gels after electrophoresis

revealed the presence of the same two species with approximate
molecular weights of 398,000 and 338,000.

Tyrosine Kinase Activity Assay. Experiments were performed
to establish a quantitative assay in vitro for measurement of
insulin receptor TyrK activity, using the artificial substrate
Glu4:Tyrl, as originally described by Braun et al. (36), and
more recently by Arsenis and Livingston (31) to study adipocyte
TyrK activity. A time course for substrate phosphorylation was
linear to a maximum at 20 to 30 min, declining thereafter (data
not shown). In the absence of Glu4:Tyrl substrate, radioactivity
retained on the Whatman filter paper after thorough washing
(see "Materials and Methods") was approximately 10% ofthat

found when substrate was included. When the solution used to
terminate the reaction (quench solution) was added prior to
initiation of the assay, radioactivity measured on the filter paper
was <20% of that measured in samples under optimum condi
tions. Both of these "blanks" were measured routinely for each

receptor preparation, and the counts obtained were subtracted
as representative of non-enzyme-catalyzed phosphorylation.

TyrK activity was examined in solubilized insulin receptors
obtained from tumors of intact or OVEX rats under conditions
where ATP concentration was varied while the concentration
of the Glu4:Tyrl substrate was held constant. A typical Hofstee
plot ( V versus V/[S\) is shown in Fig. 2. The results of several
experiments gave an estimated Km (app) for ATP of 29 and 13
UM for receptors prepared from intact and OVEX rats, respec
tively (Table 1). These data gave a higher Vmaxcalculated for
preparations from intact versus OVEX rats, expressed either
on an insulin binding basis or protein basis. In these prepara
tions subsequent to stimulation with IO"7 M insulin in vitro, the

398 338

336 -
280 -

224 â€”

168 â€”

112â€”

â€¢398

-338

Fig. 1. Autophosphorylation of the insulin receptor extracted from the
R3230AC mammary tumor. The insulin receptor was isolated by detergent
extraction and wheat germ agglutinin-agarose chromatography as described in
"Materials and Methods." Approximately 100 fmol insulin binding capacity
(measured with SOpM ''M insulin) were incubated in the presence or absence of
0.1 JIM insulin for 20 min at 24'C. The receptor was chilled to 4*C and auto

phosphorylation was carried out as described by Zick et al. (32). The receptor
was immunoprecipitated as described previously (31) and subjected to SDS-gel
electrophoresis as indicated below. Left, nonreduced. The phosphorylated receptor
was subjected to electrophoresis in the absence of reductant and autoradiography
was conducted as described previously (31, 35). Arrows, position of the insulin
receptor species that demonstrated consistent insulin-stimulated autophosphoryl
ation (â€”or +. absence or presence of insulin). Molecular weight standards are
given for comparison. Right, reduced. The M, 398,000 and 338,000 species of the
insulin receptor were cut from the + insulin lane of the dried nonreduced gel and
rehydrated in 10% inclinino I The rehydrated gel fragments were placed in
separate slots of a SDS-containing 7.5% acrylamide gel as described by Laemmli
(34). The gel fragments were soaked for 30 min with a gel-loading buffer (35)
that contained 100 IHMÃŸ-mercaptoethanol. The samples were then subjected to
electrophoresis, which was followed by autoradiography. Arrows, position of the
M, 95,000 subunit of the insulin receptor.

V/[S]

Fig. 2. Plot of V versus y/[S] for tyrosine kinase activity of insulin receptor
preparations from R3230AC mammary tumors from intact or OVEX rats. Kinase
activity was measured by the phosphorylation of Glu4:Tyrl and expressed as
pmol [-y-32P]ATP incorporated per fmol insulin bound per 20 min. In these

experiments, ATP concentrations were varied from 1 to 150 MMwhile all other
components in the assay remained constant (see "Materials and Methods"). Data

illustrated are from a representative experiment (each point is the mean from
triplicate assays), and lines were generated by least squares analysis to give the
following kinetic parameters: â€¢intact animal, Ã„â€ž,= 36.8 MM,Vmâ€ž= 2.1 pmol/
fmol insulin bound/20 min; A, intact animal plus III " M insulin in vitro, A"n,=

44.4 jiM, Vmâ€ž= 7.24; D, OVEX, Kâ€ž= 14.7 pM, Vâ€žâ€ž= 0.38; A, OVEX plus
IO"7 M insulin in vitro, Km = 38.2 UM, Vâ€žâ€ž= 1.76. The results of four separate

experiments were averaged and are presented in Table 1.
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Table I Kinetic parameters for ATP in phosphorylation ofGlu4:Tyrl by
R323OAC mammary carcinomas

IntactanimalsKm
(app)(UM)V^,

(pmol/20min)Per
fmol insulinbindingPer
mgproteinOvariectomized

animals*m
(app)GiM)Vâ€žâ€ž

(pmol/20min)Per
fmol insulinbindingPer
mg proteinNo

insulin29.3

Â±3.7Â°2.1

Â±1.169.5
Â±21.713.3

Â±1.60.4

Â±0.119.5
Â±2.5Plus

insulin
invitro79.8

Â±17.87.2

Â±1.9193
Â±20.050.8

Â±6.52.2

Â±0.8118
Â±34

* Mean Â±SEM from 4 separate experiments.

Table 2 Effects of diabetes and insulin treatment on insulin binding and basal
tyrosine kinase activity ofR323OAC mammary tumors

Host status
(no. ofanimals)Intact

(16)
Diabetic (6)
Diabetic (4)TreatmentNone

None
Insulin, 6 IU/day

for 3 daysInsulin

binding
(fmol/ 100
ngprotein)11.84Â±

1.20Â°
18.98 Â±2.36*
9.46 Â±3.31'Tyrosine

kinase activity
(pmol 3!P

incorporated/100
Mgprotein)3.36

Â±0.41
8.12 Â±1.96r
1.12Â±0.33'-/

" Mean Â±SEM.
* P < 0.02 versus intact host.
c P < 0.025 versus intact host.
* P < 0.001 versus diabetic host.
' P < 0.01 versus intact host.
fP < 0.001 versus diabetic host.

A"m(app) values were increased for both intact and OVEX

animals, respectively. The calculated Vmaxunder these condi
tions was increased after insulin (10~7 M) stimulation in vitro,

the more dramatic increase occurring in preparations from
tumors of OVEX rats (about 5-fold). The observed effects of
insulin on the Km (app) for ATP differ from those for liver or
adipocytes, in which either no change or a decrease in A',,,was

observed (31,40).
Using the estimated molecular weight (supplied by the man

ufacturer) for Glu4:Tyrl, and keeping the ATP concentration
constant (50 /Â¿M/100/ig protein), the Km(app) for phosphoryl
ation of the substrate was 2 to 3 fiM for preparations from
intact or OVEX rats in the presence or absence of 10~7 M
insulin. The calculated Vmaxranged from 0.52 to 0.63 pmol 32P

incorporated/fmol insulin binding/20 min and was increased
after exposure to 10~7M insulin by 25 to 50%. These values are

in general agreement with those of Freidenberg et al. (40) for
liver.

Effect of Diabetes and Insulin Treatment on Receptor Tyrosine
Kinase Activity. Experiments were performed to assess pertur
bations of the insulin milieu of the host on insulin binding and
receptor kinase activity in R3230AC tumors. It is evident (Table
2) that insulin binding was elevated in tumors from diabetic
rats and returned to control (intact rats) levels after administra
tion of insulin, confirming our earlier reports using whole cells
from these tumors (9). The partially purified insulin receptor
preparations displayed TyrK activity, referred to as basal TyrK
activity, i.e., activity demonstrated in the absence of insulin
added in vitro, an activity that reflects the presence of other
kinases in addition to the insulin receptors in these partially
purified preparations. Interestingly, this basal activity was ele
vated in tumors from diabetic rats and was significantly lower
in preparations of tumors from insulin-treated animals. This
pattern of changes resembled that seen for insulin binding,
although the ratio of basal kinase activity to insulin binding

was not constant in these 3 regimens, the ratios being 0.28,
0.42, and 0.12 for intact, diabetic, and insulin-treated animals,
respectively.

The ability of insulin in vitro to stimulate TyrK activity, i.e.,
insulin-inducible activity, was examined and the data presented
as the A TyrK activity in the presence of added insulin, an
approach accounting for variations in basal TyrK activity (Fig.
3). The data clearly demonstrate different magnitudes of re
sponse over the range of insulin used (10~'Â°to 5 x 10~7 M),

depending on the perturbation of the host animal. Preparations
from diabetic rats were most responsive, with insulin-induced
kinase activity consistently and significantly higher than that
observed in preparations of tumors from intact or insulin-
treated rats. In fact, insulin treatment of diabetic rats appeared
to reduce the response to below that seen in the intact animal.
Thus, despite the higher basal TyrK activity in tumors from
diabetic rats, the increment induced by insulin in vitro was
greater than that observed for the other preparations. The
estimated ED50 was 2 x 10~' M, 4.75 x 10~9 M, and 4.75 x
IO"9M for intact, diabetic, and insulin-treated rats, respectively,

indicating only a modest shift in dose responsiveness in the
diabetic rats. Thus, unlike normal tissues studied by others, the
response of TyrK to insulin in vitro was not diminished in
R3230AC mammary carcinomas from diabetic rats.

Since insulin binds with weak affinity to IGF-1 receptors,
which are similar to insulin receptors in subunit organization
and autophosphorylation by receptor TyrK (41), some of the
observed increase in kinase activity could have been due to the
presence of IGF-1 receptors in these partially purified tissue
preparations. We measured the effects of IGF-1 in vitro on
preparations from intact and diabetic rats (range comparable

10"

INSULIN or IGF-1 (M)

Fig. 3. Insulin-induced tyrosine kinase activity in R3230AC tumors from
intact, diabetic, or insulin-treated diabetic rats. Treatment regimens and proce
dures to prepare partially purified insulin receptors are detailed in "Materials and
Methods." Tyrosine kinase activity, expressed as pmol [-y-32P]ATPincorporated

into the Glu4:Tyrl substrate per fmol insulin bound in these preparations, is
presented as the incremental (A) increase in activity after correcting for basal
tyrosine kinase activity in each preparation. Each point represents the mean value
from 4 to 16 animals per treatment group: D, intact animals; â€¢,diabetics; â€¢.
insulin-treated diabetics. Also shown are data for IGF-1 induction of kinase
activity in (O) intact animals and (A) diabetics. Significance of difference (a; P<
0.01 ) is noted between diabetics versus intact animals.
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to that used for insulin) under the same assay conditions.
Results shown in Fig. 3 demonstrate that the increase in TyrK
resulting from IGF-1 is markedly less than that induced by
insulin, representing 0 to 15% of the magnitude of response
induced by insulin. Thus, while some portion of the insulin-
induced increase in TyrK might be attributed to binding of
insulin to IGF-1 receptors, insulin stimulation of TyrK via IGF-
1 receptors contributed only in a minor way to the enzyme
activity measured.

Effect of Ovariectomy and Estradici or Progesterone Admin
istration on Insulin-induced Tyrosine Kinase Activity. Having
demonstrated that ovarian steroid hormones altered insulin
binding, i.e., receptor number with no change in affinity, to
R3230AC tumors in vivo and in primary cultured tumor cells
in vitro (9, 13), we investigated whether such perturbations in
vivo would alter insulin receptor TyrK activity. The results are
summarized in Table 3. Treatment of OVEX or intact rats with
1.0 mg estradici significantly reduced insulin binding to par
tially purified receptor preparations. The basal TyrK activity
appeared to be inversely related to the dose of estradici admin
istered. The ratio of basal TyrK activity to fmol insulin binding
of preparations from estrogen-treated animals was elevated
(0.62 to 0.75) compared to that in untreated intact or OVEX
rats, implying that estrogen treatment probably altered the level
of components other than insulin receptors, components capa
ble of catalyzing [32P]ATP incorporation into the Glu4:Tyrl

substrate or, conversely, reduced the activity of substances in
the preparation capable of dephosphorylating the phosphoryl-
ated substrate, i.e., phosphatase activity. Although the high
dose of estradiol significantly reduced insulin binding, basal
TyrK activity was not elevated. Progesterone treatment had
only modest effects, with the lowest dose of this steroid causing
a small decrease in insulin binding and the highest dose pro
ducing a modest decrease in basal kinase activity. As with
estradiol treatment, an apparent but more modest increase in
the ratio of basal TyrK activity to insulin binding was observed
(0.44 to 0.54) in preparations of tumors from rats receiving the
two middle doses of progesterone.

Because of differences in basal TyrK activity, the effects of
insulin were evaluated by the increment in TyrK induced by
each dose of insulin in vitro. When examined in this manner,
no dose of estrogen administered in vivo altered the magnitude
of insulin induction of TyrK activity in vitro, the response being
similar to that in receptor preparations from OVEX untreated
animals (data not shown). However, the estimated I'lKÂ»for

insulin-induced kinase activity was increased in preparations

Table 3 Effects of estradiol or progesterone administration on insulin binding
and basal tyrosine kinase activity in R32ÃŒOACmammary carcinomas

Host status
(no. ofanimals)Intact

(16)
OVEX (25)
OVEX (8)
OVEX (6)
OVEX (9)
Intact (5)
OVEX (3)
OVEX (5)
OVEX (8)
OVEX (3)
Intact (5)Treatment

(twice weekly
for 3wk)None

None
Estradiol, 0.01 mg
Estradiol, 0. 1 mg
Estradiol, 1.0 mg
Estradiol, 1.0 mg
Progesterone, 0.2 mg
Progesterone, 2.0 mg
Progesterone, 10 mg
Progesterone, 50 mg
Progesterone, 10 mgInsulin

binding
(fmol/100
UKprotein)11.84Â±

1.20*

14.76Â± 1.05
11.99 Â±3.34
11.82Â± 1.60
7.98 Â±1.23*-'
7.36 Â±1.66*-'

11.31 Â±0.87C

13.71 Â±2.07
13.40Â± 1.70
12.48Â± 1.75
11.12 Â±2.78Tyrosine

kinase activity
(pmol "P

incorporated/
100Mgprotein)3.36

Â±0.41
4.41 Â±0.55
8.97 Â±1.25*'c

7.36 Â±2.43
5.65 Â±1.49*
2.53 Â±0.56C

2.83 Â±0.99
5.83 Â±2.40
7.27 Â±2.10
3.12Â±0.15C

4.00 Â±0.60

from estrogen-treated animals, ranging from 7 to 9 x IO"9 M
insulin, compared to 2.5 x 10~9M for preparations from OVEX

untreated rats. Thus, although basal kinase activity was elevated
by estrogen treatment, the extent of insulin-inducible enzyme
response was unchanged by estradiol treatment in vivo, but the
dose-response curve was shifted to the right.

A different pattern was observed for the effects of progester
one treatment, in which the insulin-induced increase in TyrK
activity revealed a complex relationship between the progester
one dose administered and the incremental response in vitro
(Fig. 4). Receptor preparations from tumors of animals treated
with either 2 or 10 mg progesterone showed similar responses
to insulin in vitro as those in control (untreated) animals.
However, preparations from animals treated with 50 mg pro
gesterone displayed a blunted response in the magnitude of
insulin-induced TyrK at each dose of insulin in vivo. Curiously,
a blunted response in kinase activity at the highest levels of
insulin in vitro (5 x 10~8 to 5 x 10~7 M) was also observed in

preparations from animals treated with the lowest dose of
progesterone (0.2 mg). The EDso for the insulin-induced re
sponse showed a progesterone dose-related shift to the right,
with preparations from animals receiving the highest two doses
of progesterone yielding values of 6.5 x IO"9 M and 8.5 x 10~9
M compared to 2.5 x IO"9 M for untreated animals.

Effect of Selected Combination Treatments with Estradiol plus
Progesterone on Insulin-induced Tyrosine Kinase Activity. Since
ovariectomy removes estrogens and progesterone, we examined
the effects of simultaneous administration of both hormones
on insulin induction of TyrK in vitro. For these experiments,
we used a constant dose of estradiol valerate (0.1 mg) and varied
the dose of progesterone. The dose of estrogen selected had
little effect by itself on the insulin-induced TyrK activity in vitro
(compared to OVEX untreated animals). These results, pre-

10
10"

INSULIN (M)

â€¢Mean Â±SEM.
*/*â€¢â€¢â€¢0.05 compared to intact animals.
' P < 0.05 compared to OVEX animals.

Fig. 4. Insulin-induced tyrosine kinase activity in R3230AC tumors from
progesterone-treated OVEX rats. Treatment regimens and procedures to prepare
partially purified insulin receptors are detailed in "Materials and Methods."
Tyrosine kinase activity, expressed as pmol [-y-32P]ATP incorporated in the

Glu4:Tyrl substrate per fmol insulin bound in these preparations, is presented as
the incremental increase in activity after correcting for basal tyrosine kinase
activity in each preparation. Each point represents the mean value from 3 to 7
OVEX animals per treatment group and from 25 OVEX untreated animals: D.
OVEX (controls); A, 0.2 mg progesterone; Â».2 mg progesterone; A, 10 mg
progesterone; â€¢,50 mg progesterone. Significance of difference (a, P < 0.05; b,
P < 0.01) is noted for progesterone-treated vmm OVEX (untreated control).
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sented Â¡nTable 4, indicate that all combinations significantly
reduced insulin binding. However, basal TyrK activity was
significantly reduced only in those combination treatments
containing the lower doses of progesterone, 0.2 and 2.0 mg.
The ratio of basal TyrK activity to insulin binding was essen
tially unchanged, except in the combination treatment contain
ing the highest dose of progesterone, where the ratio was
elevated. Despite these treatment-induced changes in insulin
binding and/or basal kinase activity, the insulin-induced in
crease in TyrK activity was similar to that observed in prepa
rations from untreated animals (data not shown). The I I)<Â»for
insulin IB vitro was the same as controls in preparations from
animals given the low progesterone dose combination, but the
EDso was shifted to the right as the dose of progesterone was
raised. Thus, although these combination treatments signifi
cantly altered insulin binding and basal TyrK activity in these
tumors, the response to insulin IB vitro was similar to prepara
tions from untreated animals.

Effect of Tamoxifen on Insulin-induced Tyrosine Kinase Activ
ity. Since antiestrogens, such as tamoxifen, altered insulin-

binding capacity of cultured R3230AC tumor cells IB vitro (13),
a study was conducted to assess the effects of tamoxifen admin
istered to intact or OVEX R3230AC tumor-bearing animals.
Tumors from tamoxifen-treated intact animals displayed higher

insulin binding without a concomitant change in basal TyrK
activity whereas neither parameter was altered in OVEX rats
(Table 5). The insulin-induced kinase activity in vitro was
blunted at the higher levels of insulin added to preparations of
tumors from intact, tamoxifen-treated animals (Fig. 5). Thus,

although insulin binding of these preparations was elevated, the
responsiveness of TyrK activity was reduced by tamoxifen treat
ment IB vivo. Since this was not manifested in OVEX rats, the

Table 4 Effects of simultaneous administration ofestradiol (O.I mg) with
different levels of progesterone on insulin binding and basal tyrosine kinase

activity in R323OAC mammary carcinomas from ovariectomized rats
Administration of steroids was twice weekly for 3 weeks.

Treatment
(no. ofanimals)None

(28)
Estradici, 0.1 mg, plus proges

terone, 0.2 mg (5)
Estradici, 0.1 mg, plus proges

terone, 2.0 mg (4)
Estradici, 0.1 mg, plus proges

terone, 10 mg (S)Insulin

binding
(fmol/100/ig
protein)14.18

Â±0.01Â°
8.60 Â±1.53*7.09

Â±1.59*

5.51 Â±1.43*Tyrosine

kinase activity
(pmol "P

incorporated/100
Mg

protein)4.81

Â±0.66
2.27 Â±0.47C2.41

Â±0.52'

4.20 Â±1.10

' Mean Â±SEM.
* P < 0.001 versus untreated animals.
' P < 0.01 versus untreated animals.

Table 5 Effects of tamoxifen administration on insulin binding and basal
tyrosine activity in R323OAC mammary carcinomas

Administration of tamoxifen (2.0 mg) was twice weekly for 3 weeks.

Host
(no. ofanimals)Intact

(16)
Plus tamoxifen(3)Ovariectomized

(25)
Plus tamoxifen (4)Insulin

binding
(fmol/lOOfig
protein)11.84Â±

1.20a
18.72Â±0.11*14.18

Â±1.01
17.88Â± 1.93Tyrosine

kinase activity
(pmol "P

incorporated/
100 Mg

protein)3.36

Â±0.41
4.46 Â±0.794.81

Â±0.66
3.69 Â±0.42

10 10
10"

INSULIN (M)

Fig. 5. Insulin-induced tyrosine kinase activity in R3230AC tumors from
intact or OVEX rats treated with tamoxifen (2 mg). Treatment regimens and
procedures to prepare partially purifled insulin receptors are detailed in "Materials
and Methods." Tyrosine kinase activity, expressed as pmol ("r-32P]ATP incorpo

rated in the Glu4:Tyrl substrate per fmol insulin bound on these preparations, is
presented as the incremental increase in activity after correcting for basal tyrosine
kinase activity in each preparation. Each point represents the mean value for 25
OVEX untreated (D), 16 intact untreated (A). 4 OVEX treated (â€¢),and 3 intact
treated (A) animals. Significance of difference (a, P < 0.05) is noted for treated
versus corresponding untreated animals.

results imply that tamoxifen treatment acted via effects on
endogenous estrogens rather than directly on the tumor.

DISCUSSION

â€¢Mean Â±SEM.
* P < 0.01 versus untreated hosts.

Since the molecular events that mediate the action of insulin
are only partially understood, the finding by Kasuga et al. (19,
20) that the insulin receptor possessed TyrK activity offers a
potential mechanism for signal transduction. A scheme for the
action of insulin envisages binding of the hormone to the a
subunit, a glycoprotein that contains the ligand binding site at
or extended from the outer surface of the plasma membrane,
which in turn induces phosphorylation of the ÃŸsubunit, buried
in the membrane, resulting in activation of the receptor-asso
ciated TyrK activity (18, 39). Hence, biological responses to
insulin could be modified by alterations in a postbinding event
such as TyrK activity, which has been reported to occur in
insulin-induced insulin resistance in rat adipocytes, in adipo-

cytes from morbidly obese patients, and in diabetic animals and
humans (31, 40, 42-46). Since previously the effects of sex
steroids and insulin on R3230AC tumors in vivo and in vitro
were investigated on insulin receptor binding properties, we
undertook the experiments presented here on insulin receptor
TyrK activities.

Partially purified insulin receptors from R3230AC tumors
displayed molecular properties similar to those of normal tis
sues (17, 39). Insulin stimulated 32Pincorporation into a species

with a molecular weight of approximately 375,000 and subse
quent to reduction with mercaptoethanol, the 32P incorporated

was seen in a M, 95,000 species, the size of the ÃŸsubunit.
Under nonreducing conditions, there appeared to be another
phosphorylated species with a molecular weight of approxi
mately 120,000 stimulated by insulin, which may be a degra
dation product of the receptor that can serve as a substrate for
the activated intact receptor. Whether this is unique to
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R3230AC tumors is not known. Since we encountered variabil
ity when quantitating phosphorylation by gel scanning we uti
lized an artificial substrate as a phosphate acceptor to quantitate
TyrK activity (36,37). In insulin receptor preparations obtained
by wheat germ agglutinin-agarose chromatography, the esti
mated Km for ATP using the Glu4:Tyrl substrate was 13 to 30
Ã•Â¿M,values in the range of 30 to 150 P.M reported for other
tissues (18, 31). Although the estimated Km appeared to be
increased by 10~7 M insulin in preparations from intact and

OVEX rats, insulin in vitro caused a 3.5- to 5-fold increase in
Vmax.While the physiological consequences of these observa
tions are unknown, changes in the phosphorylation state of the
receptor were reported to modify kinase activity (47, 48) and
receptor degradation rates (49). The estimated Km for the
Glu4:Tyrl substrate was 2 to 3 MM(molecular weight provided
by the supplier), values in general agreement with those of
Freidenberg et al. (40) for rat liver preparations. Insulin in vitro
increased the Vmaxby 25 to 50%, similar to that reported by
Freidenberg et al. (40) for control animals. However, these
findings on the partially purified tumor receptor preparations
should be confirmed with study of highly purified receptor
preparations.

The data demonstrate that certain hormonal perturbations
of the host altered insulin binding capacity of the partially
purified preparations from R3230AC mammary tumors. These
alterations were frequently but not invariably accompanied by
changes in basal TyrK activity, i.e., 32P incorporation into

Glu4:Tyrl in the absence of added insulin. The physiological
significance of these changes is unknown. In these tissue prep
arations, the presence of other glycoprotein receptors, such as
IGF-1s and epidermal growth factor (50), known to possess

TyrK activity, may contribute to basal enzyme activity and such
receptors may also be altered by hormonal perturbations. For
example, Mukku and Stancel (51) reported that administration
of estradiol increased epidermal growth factor receptors in the
uterus. However, induction of TyrK activity by IGF-1 in these
preparations from intact and diabetic rats was of much lower
magnitude than for insulin over comparable levels (see Fig. 3).
Assuming that IGF-1 receptors are present and that insulin can
bind weakly to such receptors, the contribution to the hormone-
induced kinase activity by IGF-1 receptor kinase would appear
to be minor even when activated by the preferred ligand. These
findings, along with the dose-related plateau in activity, are
taken as indicating that we are measuring primarily insulin-

induced TyrK in these preparations.
The ratio of TyrK activity to insulin binding, measured on

the same preparations and protein basis, was not constant, an
anticipated outcome if a coordinate relationship exists between
insulin receptors and inherent kinase activity. Since this was
not the case, e.g., elevated ratios after certain treatments with
sex steroid hormones, we suggest that this may: (a) reflect
effects of steroid hormones to reduce the binding capacity of a
subunits and/or increase the activity of ÃŸsubunits of the insulin
receptors in the tumors; (ti) enhance autophosphorylation, lead
ing to activation of TyrK; or (c) increase the presence of other
glycoprotein components that would copurify and contribute to
assayable kinase activity. In cultured R3230AC tumors, we
found that estradiol in vitro altered the distribution of insulin
receptors between the cell surface and the intracellular pool,
decreasing the former while concomitantly increasing the latter,
whereas insulin-induced down-regulation resulted in a decrease
in both (13). It is possible that a redistribution could alter the

5J. N. Livingston, personal communication.

relationship between binding and kinase activity, and study of
both receptor pools is needed.

Despite the changes in basal TyrK, insulin induced an in
crease in TyrK activity, which was taken as evidence for re
sponsive insulin receptors in tumors, i.e., increase in TyrK
activity relative to the dose of insulin added in vitro. The most
striking observation was the enhanced responsiveness of recep
tors from tumors of diabetic versus intact animals. This finding
differs from reports of reduced or unaltered responsiveness of
liver, muscle, or adipocytes from diabetic rats or humans (31,
40, 42-46). Furthermore, tumors from insulin-treated diabetic
rats displayed a pattern similar to intact animals, indicating
that insulin replacement counteracted the effects resulting from
diabetes. This finding is opposite to that of Kadowaki et al.
(42). Thus, the behavior of insulin-inducible TyrK activity seen
in R3230AC mammary tumors versus normal tissues may not
be attributable to differences in physical properties of insulin
receptors in transformed cells, as suggested for IM-9 lympho
cytes (52), since another human neoplastic cell line, HepG-2,
displayed a desensitization of the kinase after insulin-induced
down-regulation (46). Whether the R3230AC mammary ade-
nocarcinoma is unique in its behavior is unknown and studies
of other hormone-responsive tumors would seem warranted. It
should be noted that the R3230AC carcinoma grows faster in
diabetic rats and growth is retarded by insulin administration
(4), implying that if insulin-inducible TyrK activity is related to
tumor growth processes, the enhanced sensitivity in diabetic
rats would be consistent with more rapid growth.

In contrast, perturbations that involved administration of
therapeutic levels of estradiol or progesterone, or a combina
tion, had modest effects on the magnitude of insulin induction
of TyrK. Thus, despite changes in basal TyrK activity and/or
insulin-binding capacity of tumor preparations, the dose-related
induction of kinase activity by insulin in vitro was essentially
unchanged in animals treated with different doses of estradiol,
although the EDso for insulin was shifted to the right. Further
more, a similar outcome was observed for animals that received
the combined treatment of estradiol plus different doses of
progesterone. A somewhat different result occurred when pro
gesterone was administered to OVEX tumor-bearing rats, with
the highest pharmacological dose of progesterone (50 mg)
causing a significant reduction in the extent of insulin-induced
TyrK activity. Curiously, a blunted response to insulin was also
observed in tumors from animals that received the lowest dose
of progesterone (0.2 mg), although this was significant only at
the higher levels of insulin (5 x 10~8 to 5 x 10~7 M) in vitro.

These modulations were not attributable to a consistent effect
on either insulin binding or TyrK activities; no apparent coor
dinate relationship between these two parameters, e.g.,
TyrK:insulin binding ratio, was seen in preparations after treat
ment regimens. Thus, unlike the results obtained after pertur
bations of insulin, perturbations by pharmacological doses of
sex steroids resulted in a more complex pattern depending on
the steroid and dose administered. The most consistent pattern
of changes was the shift to the right of the ED5o for insulin
induction of TyrK activity seen in animals receiving the higher
doses of either estradiol or progesterone, suggesting a potential
site of action of therapeutic doses of estradiol and progesterone
to modulate actions of insulin within the physiological range.
Previously, we reported that estradiol blunted the insulin-in
duced increase in proline transport in R3230AC tumor cells,
implying a change in sensitivity of an insulin-regulatable param
eter (53).

The findings with tamoxifen treatment are of interest since
3748

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3742/2431835/cr0480133742.pdf by guest on 19 M

ay 2023



INSULIN RECEPTOR KINASE IN MAMMARY TUMORS

ACKNOWLEDGMENTS

We wish to acknowledge the Animal Tumor Research Facility,
University of Rochester Cancer Center, for their continued efforts in
the maintenance and transplantation of the tumors used in these
studies. We thank the Upjohn Company, Kalamazoo, MI, for supplying
the streptozotocin and Imperial Chemical Industries, Cheshire, Eng
land, for the gift of tamoxifen.

REFERENCES

11.

12.

this agent may display antiestrogenic or estrogen activity, de- 8

pending on dose, target tissue, and species studied (54). Ta
moxifen administered to intact animals elevated insulin bind- 9

ing, a response seen for ovariectomy, and since this effect was
not observed in O VEX rats, it suggests that tamoxifen was 10
acting on this parameter as an antiestrogen. Interestingly, in
sulin induction of TyrK activity was attenuated in tumors from
intact rats treated with tamoxifen but not in those from OVEX,
treated rats (except at one dose level of insulin), results implying
that the actions of tamoxifen were indirect, i.e., antiestrogenic,
on the tumor. The dose of tamoxifen used would inhibit growth
of the R3230AC tumor (55), although inhibition of tumor 13

growth by pharmacological doses of estradici used here (56)
was not accompanied by similar changes in responsiveness of 14

TyrK.
In conclusion, data are presented to demonstrate that certain

hormonal perturbations of the R3230AC tumor-bearing host 15

led to alterations in insulin binding, basal TyrK, and insulin-
induced TyrK activities of this transplantable mammary carci- 16

noma. The neoplasm from diabetic rats displayed increased
responsiveness of insulin receptor kinase activity to insulin in
vitro compared to tumors from intact or insulin-treated diabetic 18

rats. Therapeutic doses of sex steroid hormones and tamoxifen
consistently decreased the sensitivity of the insulin induction of
TyrK in vitro, seen as a shift of the dose curve to the right and,
at certain treatment doses, decreased the magnitude of the
insulin-induced enzyme response. Together with previous dem

onstrations of altered numbers of insulin receptors resulting
from these agents (9, 13, 15, 16), the proposed interaction 22.
between female sex steroids and insulin receptors may now be
extended to their modulating actions on TyrK activity, an 23
inherent property of insulin receptors. Although the exact role
of receptor TyrK remains unknown, the possibility is raised
that hormonal treatments altering growth of this mammary
tumor may be correlatable to altered responsiveness of TyrK,
offering a discrete regulatory site for steroids to influence the 25-

actions of insulin.
26.

17.

19.

20.

21.

24.

27.

28.

29.

30.

31.
1. Heuson, J. C., and Legros, N. Effect of insulin and of alloxan diabetes on

growth of the rat mammary carcinoma in vivo. Eur. J. Cancer, 6: 349-351,
1970. 32.

2. Heuson, J. C., Legros, N., and Heimann, R. Influence of insulin administra
tion on growth of the 7,12-dimethylbenz(a)anthracene-induced mammary
carcinoma in intact, oophorectomized and hypophysectomized rats. Cancer 33.
Res., 32: 233-238, 1972.

3. Cohen, N. D., and Hilf, R. Influence of insulin on growth and metabolism
of 7,12-dimethylbenz(a)anthracene-induced mammary tumors. Cancer Res., 34.
.?* 3245-3252, 1974.

4. Cohen, N. D., and Hilf, R. Influence of insulin on estrogen-induced responses 35.
in the R3230AC mammary carcinoma. Cancer Res., 35: 560-567, 1975.

5. Osborne, C. K.. BolÃ¡n,M. E., and Lippman, M. E. Hormone responsive
human breast cancer in long-term tissue culture: effect of insulin. Proc. Nati. 36.
Acad. Sci. USA, 75:4536-4540, 1976.

6. Osborne, C. K., Monaco, M. E., Lippman, M. E., and Kahn, C. R. Correla
tions among insulin binding, degradation and biological activity in human 37.
breast cancer cells in long-term tissue culture. Cancer Res., 38:94-102,1978.

7. Shafle, S. M., and Grantham, F. H. Role of hormones in the growth and
regression of human breast cancer cells (MCF-7) transplanted into athymic 38.
nude mice. J. Nati. Cancer Inst., 67: 51-56, 1981.

3749

Sauer, L. A., and Dauchy, R. T. Stimulation of tumor growth in adult rats
in vivo during acute streptozotocin-induced diabetes. Cancer Res., 47: 1756-
1761, 1987.
Shafie, S. M., Gibson, S. I... and Hilf, R. Effect of insulin and estrogen on
hormone binding in the R3230AC mammary adenocarcinoma. Cancer Res.,
J7.-4641-4649, 1977.

Gibson, S. L., and Hilf, R. Regulation of estrogen binding capacity by insulin
in 7,12-dimethylbenz(a)anthracene-induced mammary tumors. Cancer Res.,
Â¥0:2343-2348, 1978.
Butler, W. B., Kelsey, W. H., and Goran, N. Effects of serum and insulin on
the sensitivity of the human breast cancer cell line MCF-7 to estrogens and
antiestrogens. Cancer Res., 41:82-88, 1981.
Shafie, S. M., and Hilf, R. Relationship between insulin and estrogen binding
to growth response in 7,12-dimethylbenz(a)anthracene-inducedrat mammary
tumors. Cancer Res., 38: 759-764, 1978.
Hilf, R., and Crofton, D. H. Effects of estradici on insulin receptor distri
bution in primary cultures of R3230AC mammary adenocarcinoma of the
rat. Endocrinology, 116: 154-163, 1985.
Horwitz, K. B., and Freidenberg, G. R. Growth inhibition and increase of
insulin receptors in antiestrogen-resistant T47Dra human breast cancer cells
by progestins: implications for endocrine therapies. Cancer Res., 45: 167-
173, 1985.
Hilf, R., Hissin, P. J., and Shafie, S. M. Regulatory interrelationships for
insulin and estrogen action in mammary tumors. Cancer Res., 38: 4076-
4085, 1978.
Hilf, R. The actions of insulin as a hormonal factor in breast cancer. Banbury
Rep. Â«.-317-337, 1981.
Jacobs, S., and Cuatrecasas, P. Insulin receptor: structure and function.
Endocr. Rev., 2: 251-263, 1981.
Gammeltoft, S., and Van Obberghan, E. Protein kinase activity of the insulin
receptor. Biochem. J., 235: 1-11, 1986.
Kasuga, M., Karlsson, F. A., and Kahn, C. R. Insulin stimulates the phos-
phorylation of the 95,000-dalton subunit of its own receptor. Science (Wash.
DC), 215: 185-187,1982.
Kasuga, M., Fujita-Yamaguchi, Y., Blithe, D. L., and Kahn, C. R. Tyrosine-
specific protein kinase activity is associated with the purified insulin receptor.
Proc. Nati. Acad. Sci. USA, 80: 2137-2141, 1983.
Hunter, T., and Cooper, J. A. Protein-tyrosine kinases. Annu. Rev. Biochem.,
54: 897-930, 1985.
Harmon, J. T., and Hilf, R. Identification and characterization of the insulin
receptors in the R3230AC mammary adenocarcinoma of the rat. Cancer
Res., 36: 3993-4000, 1976.
Sorge, L. K., and Hilf, R. The hormonal regulation and interaction of
concanavalin A and insulin binding in R3230AC mammary adenocarcinoma
cells. Biochim. Biophys. Acta, 676: 187-198, 1981.
Sorge, L. K., and Hilf, R. Down-regulation of insulin receptors in primary
cultures of R3230AC rat mammary adenocarcinoma cells. Endocrinology,
110: 1155-1163, 1982.
Hilf, R., Michel, I., Bell, C. C., Freeman, J. J., and Borman, A. Biochemical
and morphological properties of a new lactating mammary tumor line in the
rat. Cancer Res., 25: 286-299, 1965.
Narayanan, U., Ribes, J. A., and Hilf, R. Effects of streptozotocin-induced
diabetes and insulin on phospholipid composition of R3230AC mammary
tumor cells. Cancer Res., 45:4833-4837, 1985.
Harrison, L. C., and Itin, A. Purification of the insulin receptor from human
placenta by chromatography on immobilized wheat germ lectin and receptor
antibody. J. Biol. Chem., 255: 12066-12072, 1980.
Hedo, J. (... Harrison, L. C., and Roth, J. Binding of insulin receptors to
lectins: evidence for common carbohydrate determinants on several mem
brane receptors. Biochemistry, 20: 3385-3393, 1981.
Lowry, O. H., Rosebrough, N. J., Fair, A. L., and Randall, R. J. Protein
measurement with the Folin phenol reagent. J. Biol. Chem., 19ÃŒ:265-275,
1951.
Freychet, P., Roth, J., and Neville, D. M., Jr. Monoiodoinsulin: demonstra
tion of its biological activity and binding to fat cells and liver membranes.
Biochem. Biophys. Res. Commun., 43:400-408, 1971.
Arsenis, G., and Livingston, J. N. Alterations in the tyrosine kinase activity
of insulin receptor produced by in vitro hyperinsulinemia. J. Biol. Chem.,
267: 147-153, 1986.
Zick, Y., Kasuga, M., Kahn, C. R., and Roth, J. Characterization of insulin-
mediated phosphorylation of the insulin receptor in a cell-free system. J.
Biol. Chem., 25Â«:75-80, 1983.
Fujita-Yamaguchi, Y., Choi, S., Sakamoto, Y., and Itakura, K. Purification
of insulin receptor with full binding activity. J. Biol. Chem., 25Â«:5045-5049,
1983.
Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.), 277: 680-685, 1970.
Lerea, K., and Livingston, J. N. The different receptor species of liver have
similar complex insulin binding properties. Biochem. Biophys. Res. Com
mun., 114:1042-1047, 1983.
Braun, S., Raymond, W. E., and Racker, E. Synthetic tyrosine polymers as
substrates and inhibitors of tyrosine-specific protein kinases. J. Biol. Chem.,
259:2051-2054, 1984.
Stadtmauer, L. A., and Rosen, O. M. Phosphorylation of exogenous sub
strates by the insulin receptor-associated protein kinases. J. Biol. Chem.,
25Â«:6682-6685, 1983.
Corbin, F. D., and Reiman, E. M. Assay of cyclic AMP-dependent protein
kinases. Methods Enzymol., 38: 287-290, 1974.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3742/2431835/cr0480133742.pdf by guest on 19 M

ay 2023



INSULIN RECEPTOR KINASE IN MAMMARY TUMORS

39. Czech, M. The nature and regulation of the insulin receptor: structure and
function. Annu. Rev. Physiol., 47: 357-381, 1985.

40. Freidenberg, G. R., Klein, H. H., Cordera, R., and Olefsky, J. M. Insulin
receptor kinase activity in liver. Regulation by fasting and high carbohydrate
feeding. J. Biol. Chem., 260: 12444-12453, 1985.

41. Rechler, M. M., and Nissley, S. P. The nature and regulation of the receptors
for insulin-like growth factors. Annu. Rev. Physiol., 47:425-442, 1985.

42. Kadowaki, T., Kasuga, M., Akenuma, Y.. Ezaki, ()., and Takaku, F. De
creased autophosphorylation of the insulin receptor-kinase in streptozotocin-
diabetic rats. J. Biol. Chem., 259: 14208-14216, 1984.

43. Â»urani.C. F., Treutelaar, M. K., and Buse, M. G. Diabetes induced functional
and structural changes in insulin receptors from rat skeletal muscle. J. Clin.
Invest., 77:260-270, 1986.

44. Caro, J. F., Sinha, M. K., Raju, S. M., Ittoop, D., Pories, W. J., Flickinger,
E. G., Meelheim, D., and Dohm, G. !.. Insulin receptor kinase in human
skeletal muscle from obese subjects with and without noninsulin dependent
diabetes.J. Clin. Invest., 79:1330-1337, 1987.

45. Sinha, M. K., Pories, W. J., Flickinger, E. G., Meelheim, O., and Caro, J.
F. Insulin-receptor kinase activity of adipose tissue from morbidly obese
humans with and without NIDDM. Diabetes, 36: 620-625, 1987.

46. Blake, A. D., Hayes, N. S., Slater, E. E., and Strader, C. D. Insulin receptor
desensitization correlates with attenuation of tyrosine kinase activity, but not
of receptor endocytosis. Biochem. J., 245: 357-364, 1987.

47. Rosen, O. M., Herrera, R., Olome, Y., Pettruzelli, L. M., and Cobb, M. H.
Phosphorylation activates the insulin receptor tyrosine protein kinase. Proc.
Nati. Acad. Sci. USA, 80: 3237-3240, 1983.

48. Yu, K. T., Werth, D. K., Pastan, I. H., and Czech, M. P. Src kinase catalyzes
the phosphorylation and activation of the insulin receptor kinase. J. Biol.
Chem., 260: 5838-5846, 1985.

49. Shia, M. A., Rubin, J. D., and Pelch, P. F. The insulin receptor protein
kinase. Physicochemical requirements for activity. J. Biol. Chem., 258:
14450-14455, 1983.

50. Pike, L. J., Kuenzel, E. A., Casnelli, J. E., and Krebs, E. G. A comparison
of the insulin- and epidermal growth factor-stimulated protein kinases from
human placenta. J. Biol. Chem., 259:9913-9921, 1984.

51. Mukku, V. R., and Stance!, G. M. Regulation of epidermal growth factor
receptor by estrogen. J. Biol. Chem., 260:9820-9824, 1985.

52. Van Obberghan, E., Kanuga, M., LeCam, A., Hedo, J. A., Itin, A., and
Harrison, L. C. Biosynthetic labeling of insulin receptor: studies of subunits
in cultured human 1M-9 lymphocytes. Proc. Nati. Acad. Sci. USA, 78:1052-
1056, 1981.

53. Hissin, P. J., and Hilf, R. Effects of estrogen to alter amino acid transport
in R3230AC mammary carcinomas and its relationship to insulin action.
Cancer Res., 39: 3381-3387, 1979.

54. Jordan, V. C. Antiestrogenic and antitumor properties of tamoxifen in
laboratory animals. Cancer Treat. Rep., 60:1409-1419, 1976.

55. Tsai, T-L. S., Rutledge, S., and Katzenellenbogen, B. S. Antiestrogen mod
ulation of growth and properties of ovarian-autonomers and ovarian-depend
ent mammary tumors in rats. Cancer Res., 39: 5043-5050, 1979.

56. Hilf, R., Michel, I., and Bell, C. Biochemical and morphological responses
of normal and neoplastic mammary tissue to hormonal treatment. Recent
Prog. Hormone Res., 23: 229-295,1967.

3750

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/13/3742/2431835/cr0480133742.pdf by guest on 19 M

ay 2023




