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ABSTRACT

To investigate the role of hormones in regulating growth of neoplastic
mammary cells, we established a heterologous assay for studying inter
actions of partially purified calf uterine [3H|estradiol-charged estrogen
receptor (|3H|ER) with rat tumor nuclei in vitro. This system displays
saturable high affinity binding of | '111FR which is time and salt dependent.

Optimal assay conditions required for the heterologous system were
identical to those we reported for the homologous calf nuclear binding
system. Specificity of |3H|ER binding was demonstrated; 10-fold excess
unlabeled estrogen-charged ER (EcR) competed for >90% of the [3H]ER
binding sites and binding of |3H]estradiol (not complexed with ER) was
<I% of |3H]ER binding. Binding of |3H]ER displayed tissue specificity

in decreasing order: R3230AC mammary tumor > lactating mammary
gland = liver > kidney > lung. Scatchard analysis of saturation data
provided estimates of binding affinity to nuclei from R3230AC mammary
tumors [Aj, 2.0 Â±0.3 (SE) IIM); the number of binding sites per nucleus
for R3230AC tumors was 95,000 Â± 13,800. [3H|ER binding to nuclei

isolated from R3230AC rat mammary tumors grown in intact rats was
40% higher than that observed in tumors from ovariectomized animals.
Results of administration of individual pharmacological doses of either
progesterone or an estrogen to ovariectomized rats did not restore nuclear
ER binding levels in R3230AC tumors to those detected in tumors from
intact rats. These results suggest that the physiological levels of endog
enous hormones produced by the ovaries are important in regulating the
number of ER binding sites in nuclei from these mammary tumors.

INTRODUCTION

The role of estrogens and other ovarian hormones in the
initiation and promotion of mammary neoplasia is currently
under investigation. It is known that a greater proportion of
patients whose breast cancers contain ERs5 respond to hor

monal therapy compared to those whose tumors lack ER (1,
2). Furthermore, the clinical efficacy of agents with antiestro-
genic activity (3, 4) such as tamoxifen is probably due to their
ability to compete with estrogens for ER, inhibiting estrogen-
induced proliferation of tumor cells (5-7). However, some ER-
positive tumors fail to respond to antiestrogen treatment (4),
perhaps due to an alteration in a regulatory step distal to the
initial hormone binding to its receptor. One such distal step
may be that of ER binding to chromatin in nuclei of tumor
cells.

Since the presence of ER in cells of breast tumors is of
predictive value in designing therapy, it is important to inves-
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tigate the mechanisms by which ERs act in normal mammary
tissues and in breast tumors. The current model of steroid
hormone action involves a sequence of events from hormone
entry into the target cell, high affinity binding of the hormone
to its receptor protein, a resulting conformational change to an
"activated" hormone-receptor complex, and interaction of this

complex with specific regions of chromatin to alter the expres
sion of certain genes (reviewed in Ref. 8). Although much is
known about the kinetics of estrogen interaction with its recep
tor (9, 10), the interaction of estrogen-charged ER with nuclei
and nuclear components in target and non-target tissues is less
well understood. Only a few reports of cell-free nuclear binding
of ER in mammalian tissues exist (reviewed in Ref. 11).

We deemed that a heterologous binding system, e.g., calf ER-
rat tissue nuclei, offered the potential to examine the effects of
various hormonal perturbations of the rat in vivo on binding
and dissociation kinetics of the estrogen-charged receptor com
plex at the nuclear level in vitro. Because it would not be
practical to obtain the numbers of rat uteri necessary to prepare
ER in sufficient quantity for a continuing series of experiments,
we opted to use calf uteri as a classical source of relatively large
quantities of ER (12, 13). Additionally, hormone manipulation
of calves is not possible at our institution. Thus, if a heterolo
gous system could be established, it would enable us to examine
the effects of selected hormonal perturbations in rats on calf
ER binding to nuclei isolated from normal and neoplastic
rodent tissues.

Two well-characterized rat mammary tumors are studied in
this laboratory. The R3230AC mammary tumor is an estrogen-
responsive, autonomous tumor, which is maintained by serial
transplantation in female Fischer 344 rats (14). Growth of this
tumor does not change following ovariectomy; however, treat
ment of ovariectomized R3230AC tumor-bearing rats with
estradici slows tumor growth (15). In contrast, the growth of
most DMBA-induced mammary tumors is dependent on the

presence of estrogens. Following ovariectomy, the majority of
DMBA-induced tumors regress while the remaining tumors
either continue to grow or maintain the same apparent size
(16-18). Treatment of ovariectomized DMBA-induced tumor-

bearing rats with replacement doses of estradiol restores tumor
growth. These well-documented characteristics facilitate an in

vestigation of the relationship between binding of estrogen
receptor to isolated nuclei in vitro and growth response in vivo.

Here we present characteristics of the binding of partially
purified calf uterus [3H]ER to nuclear acceptor sites in nuclei

isolated from normal and neoplastic rat tissues. We observed
saturable, high-affinity binding in the presence of 100 mM KC1,
with A"dvalues ranging between 0.7 and 2.6 HM.Using Scatchard

analysis, we detected a difference in the number of nuclear
acceptor sites between R3230AC mammary tumors grown in
intact versus ovariectomized hosts and between tumors and
normal estrogen target and non-target rat tissues. These data

suggest that endogenous ovarian hormones regulate the number
of nuclear ER binding sites.
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EFFECT OF HORMONES ON NUCLEAR INTERACTIONS OF ER

MATERIALS AND METHODS

Animals. The conditions for animal maintenance and R3230AC
mammary tumor transplantation have been described (14). Lactating
female Sprague-Dawley rats (150-200 g) were used as sources of
mammary gland and liver; nulliparous females were used as hosts for
DMBA-induced mammary tumors (see below). Male Sprague-Dawley
rats (250-300 g) were used as sources of liver, kidney, and lung.

Treatments. DMBA was administered as a single 20-mg p.o. dose to
47-day-old female Sprague-Dawley rats. The rats were housed in wire-
bottom cages and monitored for tumor development. Palpable tumors
were measured twice weekly using calipers.

For the studies indicated, female Fischer 344 rats were ovariecto-
mized 1 week prior to R3230AC tumor transplantation. All R3230AC
tumors were used 3 weeks after initial tumor implantation. Estradiol
valerate (Delestrogen; Squibb, Princeton, NJ) or hydroxyprogesterone
caproate (Delalutin; Squibb) were diluted in sesame seed oil as required
for the indicated doses and were administered (in O.I ml) s.c. on the
dorsal surface.

Chemicals. Chemicals were purchased from the following suppliers:
ammonium sulfate (ultrapure) and sucrose (ultrapure) from Schwarz-
Mann (Spring Valley, NY); Tris and DTT from Boehringer Mannheim
Biochemicals (Indianapolis, IN); activated charcoal, bacitracin (74,000
units/g), DNase I (EC 3.1.2.1.1; 1.5 Kunitz units/Mg), dextran, 170-
estradiol, glycerol, molybdic acid, and PMSF from Sigma Chemical
Co. (St. Louis, MO); Preblend 2a70[98% 2,4-diphenyloxazole and 2%
/>-bis(0-methylstyrl)benzene] and Triton X-100 were from Research
Products International Corp. (Mount Prospect, IL); toluene from VWR
Scientific, Inc. (Rochester, NY); and 17,8-[2,4,6,7,16,17-3H]estradiol

(140 Ci/mmol from Amersham Corp., Arlington Heights, IL). All
other chemicals were of reagent grade quality and were purchased from
commercial suppliers. All buffers and solutions were prepared in glass
distilled water.

Preparation of Estrogen Receptor. ER was partially purified from calf
uterus according to the method of Weichman and Notides (19). This
method uses ammonium sulfate fractionation and precipitation which
activates the cytosolic ER to its 5S form, the form expected to bind to
nuclear components. Preparation of calf uterine ER was the same as
previously described (20) except that bacitracin (I mg/ml) was added
to the homogenization buffer, and solid ammonium sulfate was added
to precipitate the ER. The resulting precipitate was frozen and stored
at -80Â°C. Upon thawing, the ammonium sulfate pellets were resus-

pended and dialyzed against TDP buffer (11). The dialyzed ER prepa
ration was sedimented at 20,000 x g to remove denatured protein prior
to the addition of 10 nM [3H]estradiol. The receptor was charged
overnight at 4Â°C.Nonbound steroid was removed by dextran-coated

charcoal treatment as previously described (20).
Isolation of Nuclei. Nuclei were isolated by a hypertonic sucrose

method (21). The resulting nuclei were free of cytoplasmic contami
nants as examined by phase contrast light microscopy. Nuclei were
stored at a concentration of 4 x IO7nuclei/ml in storage buffer: 40 mM
Tris-HCl (pH 7.5)-1 mM MgCl2-l mM PMSF-25% glycerol (11).

Nuclear Binding Assay. The assay for binding of [3H]estradiol-

charged ER to nuclear acceptor sites has been described (11). After
incubation at 4Â°Cfor 2 h, the nuclei were pelleted by low speed

centrifugation and rinsed with two 1-ml washes of TDP buffer with
0.2% Triton X-100 (v/v). The rinsed pellet was extracted with 1 ml of
95% ethanol at 30Â°Cfor 30 min in a shaking water bath. After

extraction, nuclei were pelleted and the radioactivity in 1 ml of the
extract was counted (11).

Optimal pH Determination. Partially purified ER from a 30% am
monium sulfate precipitation of calf uterus cytosol were resuspended
in, and then dialyzed against, 20 mM 4-(2-hydroxyethyl)-l-piperazine-
ethanesulfonic acid-KOH (either pH 6.6, 7.0, or 7.4) or 20 HIMTris-
HCl (either pH 7.4, 7.8, or 8.2) in the presence of 1 mM DTT and 0.5
mM PMSF prior to charging with [3H]estradiol. The same buffer was

subsequently used in nuclear binding assays. Saturation analysis was
performed using 0-5 nM [3H]ER. In each case, saturation of nuclear

binding was achieved.
Nut lease Digestion of Nuclei. Nuclei were resuspended in 10 mM

Tris-HCl (pH 7.5), 10 mM NaCl, 3 HIMMgCl2, 0.5 mM PMSF, and

0.1 mM CaCl2 buffer and incubated at 37Â°Cfor 5-15 min with 0-300

units/ml DNase I (2 Kunitz units/Mg) as described (11, 18). Digests
were expressed as unit-ruin per ml, i.e., time at 37Â°Cmultiplied by the

number of units of nuclease per ml reaction mixture. One unit of DNase
I activity causes an increase in absorbance at 280 nm of 0.01/min/ml
at 25Â°C,when acting on highly polymerized DNA at pH 5.0 (Worthing-

ton Biochemicals of Cooper BiomÃ©dical,Inc., Malvern, PA). The
reaction was terminated by addition of EDTA to a 3 mM concentration
and cooling in an ice bath. Nuclei were assayed for [3H]ER binding as

described above.

RESULTS

Saturable Binding of (3H]ER in the Heterologous Nuclear
Binding System. Binding of the [3H]estrogen-charged partially

purified calf uterine estrogen receptor to nuclei isolated from
R3230AC and DMBA-induced rat mammary tumors was time
and salt dependent. Saturation of | '111!â€¢R binding was observed

in TDP buffer containing 0.1 M KC1 (Fig. 1). Scatchard analysis
of the binding data at 0. l M KC1 indicated a single class of
binding sites. Higher concentrations of KC1 inhibited ER bind
ing while low KC1concentrations allowed nonsaturable binding

1.0 1.5 4.0 4.5 5.O2.0 2.5 3.0 3.5
C*H]ER ADDED (nM)

Fig. 1. Effect of KM concentration on saturation of ['HJER binding to isolated
nuclei. Nuclei (10") from R3230AC mammary tumors were incubated for 2 h at
4-C in TDP buffer containing [3H]ER and 0, 50, 100, 150, and 200 mM KCI.

Points, mean Â±SE (bars) of triplicate determinations from which the background
counts have been subtracted.

60 90 IZO ISO
INCUBATION TIME (minutas)

ao

Fig. 2. Time course of nuclear uptake and retention of [3H]ER. Nuclei (II)")
from DMBA-induced (â€¢)and R3230AC (O) mammary tumors were incubated
with 1.0 nin |3H]ER in the presence of O.I M KC1 at 4'C. At the time indicated,

the reaction was terminated by centrifugation and the washed nuclear pellets were
extracted with 95% ethanol. Points, mean Â±SE (bars) of triplicate determinations
from which the background counts have been subtracted.
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18

90 100 150 200 250 300
mM KCI

Fig. 3. Effect of salt concentration on saturation of nuclear [}H]ER binding.
R3230AC mammary tumor nuclei (IO6) were incubated with 1.0 nM [3H]ER in
TOP buffer containing increasing concentrations of KCI (A) or TOP plus 0.1 M
KCI plus increasing concentrations of MgCh (/>'i.Incubation was for 2 h at 4Â°C.

Ethanol extraction was used as the final processing step of the washed nuclear
pellets. Points, mean Â±SE (ears) of triplicate determinations from which the
background counts have been subtracted.

of the ER. A saturation plateau of [3H]ER binding was reached
by 90 min at 4Â°C(Fig. 2). All subsequent saturation analyses
were performed at 4Â°Cfor 2 h in the presence of 0. l M KCI.

The effect of increasing concentrations of either KCI or
MgCl2 on ER binding was compared. With [3H]ER concentra

tion of 1 nM, we observed a reduction of ER binding to isolated
R3230AC mammary tumor nuclei with increasing concentra
tions of either KCI (Fig. 3/f) or MgCI2 (Fig. 3fi). When com
pared to the inhibitory effect of KCI on ER interaction with
nuclei in vitro, considerably lower concentrations of MgCl2
elicited a similar extent of inhibition. Binding was reduced to
50% of control with the addition of 3 mM MgCl2 (Fig. 3Ã„).
Finally, addition of 1 mM EDTA to TOP buffer (see "Materials
and Methods") used in the binding assay sharply decreased the
association of [3H]ER with R3230AC mammary tumor nuclear
binding sites to only 3% of control [3H]ER binding. Taken

together, these findings are the same as those reported earlier
for the homologous (calf ER-calf nuclei) binding system (11)
and comparable to those reported by others (22).

Effect of pH on [3H]ER Binding to Nuclei. We also examined

the effect of pH on receptor binding. These experiments utilized
the partially purified ER from a 30% ammonium sulfate pre
cipitation of calf uterus cytosol. The optimal pH range for
binding was found to be rather broad, from pH 6.8-7.6, with
an apparent peak of pH 7.4 (Fig. 4). A similar pH range was
reported to be optimal in measuring the affinity of estrogen-
charged ER for DNA-Sepharose in Tris-HCl buffer containing
0.2 M KC1 (23).

Specificity of [3H|ER Binding to Nuclei. The characteristics
of [3H]ER-nuclear interaction in the heterologous binding assay
are summarized in Table 1. A 10-fold excess of calf uterine
ER complex, EcR, was able to compete for at least 90% of
the [3H]ER binding sites (Fig. 5). The specificity of
[3H]ER-nuclear binding was further demonstrated by a compe

tition experiment, results of which are illustrated (Fig. 6).
Addition of 2 nM EcR reduced [3H]ER (2 HM)binding by 54%;
addition of a 10-fold excess EcR (20 HM) reduced [3H]ER
binding by 88%. In order to assess the specificity of [3H]
estradiol-ER (ligand with receptor) interaction, ER was incu
bated in the presence of 10 nM [3H]estradiol plus a 100-fold
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Fig. 4. Effect of pH on binding of ['H]ER to isolated nuclei. R3230AC
mammary tumor nuclei (10s) were incubated for 2 h at 4Â°Cwith 1.0 nM [3H]ER
in either 20 min 4-(2-hydroxyethyl)-l-piperazineethanesulfonicacid-KOH (â€¢)or
20 raw Tris-HCl (O), each containing 0.1 M KCI, adjusted to the indicated pH at
room temperature. Nuclear pellets were processed and ethanol extracted. Points,
mean Â±SE d>ar\] of triplicate determinations from which the background counts
have been subtracted.
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Table I Specificity of[*H]ER-nuclear interaction

3H-labeled sample

nuclear bound
Sample added to nuclear-binding assay

|JH]ER(2nM)
|3H]-17f(-estradiol(2nM)
[3H]ER (2 nM) + 10-fold excess unlabeled

170-estradiol-charged ER
Nonspecific ER, ER labeled in the presence

of excess unlabeled 17^-estradiolÂ»
Na2lv1oO4-stabilized [3H]ER (2 nM)
[3H]ER incubated with nuclei pretreated

with 300 units-min/ml DNase I

100
0.9
9

1.8

49
5

" The addition of [3H]ER (2 nM) to control R3230AC mammary tumor nuclei
(IO*) in a volume of 1.0 ml resulted in the retention of 50 fmol |'H)ER. These

percentages are the average of triplicate determinations.
*Calf uterine receptor complex was charged with (3H)E2 (10 nM) in the

presence of 1 pM 17/J-estradiol (nonspecific ER).
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Fig. S. Saturation analysis of I'I I|l K interaction with rat mammary tumor
nuclei. R3230AC tumor nuclei (I x 10*) were incubated with 0-5.0 nM [3H]ER
in TOP containing 0. l M KCI (O) or 0-5.0 nM [3H]ER. plus 10-fold excess cold
estradiol-charged ER (A) to assess nonspecific binding. Incubation was for 2 h at
4 < . Subtraction of nonspecific binding from total binding yields specific binding
(â€¢).Points, mean Â±SE (bars) of triplicate determinations from which the
background counts have been subtracted, luvt, saturation analysis plotted ac
cording to the method of Scatchard. The curve was calculated by least squares
regression analysis.

excess of cold estradiol prior to dextran-coated charcoal treat
ment and subsequent nuclear binding assay using R3230AC
nuclei (Table 1). When [3H]ER was prepared under these ligand
competition conditions, only 1.8% of control [3H]ER binding
was detected, thus demonstrating the specificity of the ligand-
PR binding.

ER was prepared in the presence of 10 mM Na2MoO4 in all
buffers. The molybdate aniÃ³n was reported to stabilize the ER
in its "untransformed" state (24, 25). ER prepared in this way
and then charged with ['HJestradiol also showed a 50% decrease
in binding capacity compared to [3H]ER prepared in the usual

manner. The presence of molybdate in TOP buffer during the
assay did not affect nuclear binding of activated [3H]ER. This

result is identical to that reported by Dietrich et al. (22).
As a test of the nature of nuclear components to which [3HJ-

ER binds, intact R3230AC tumor nuclei were preincubated
with increasing concentrations of bovine pancreatic DNase I
prior to incubation with [3H]ER (data not shown). A brief
digestion of these nuclei with 1.6 unit-min/ml DNase I caused
a 30% loss of [3H]ER binding capacity (data not shown);
digestion with 300 unit-min/ml caused a 95% loss of [3H]ER

binding capacity (Table 1). Others have shown that steroid
hormone-receptor complexes bind specifically to actively tran-

6 12 16
nM cold ER

24

Fig. 6. Competition for (3H]ER nuclear binding. R3230AC tumor nuclei (1.0
x 10*) were incubated with 2 nM [3H]ER in TOP containing 0.1 M KC1 in the
presence of increasing amounts of excess EcR (â€¢).Incubation was for 2 h at 4'C.

Points, with the exception of those with added 15, 20, and 25 nM EcR, average Â±
SE (bars) of duplicate determinations. The curve was calculated by least squares
regression analysis.

scribed regions of chromatin that are particularly sensitive to
digestion by low concentrations of DNase I (see literature cited
in Ref. 20).

Different Saturation Levels of Nuclear |'I l|l R Binding in Rat

Tissues. The saturation kinetics of estrogen-charged ER binding
were examined in nuclei isolated from R3230AC rat mammary
tumors and from normal mammary glands from lactating rats.
In addition, ER binding to nuclei from other "target" (liver and
kidney) and "non-target" (lung) rat tissues was examined.

[3H]ER binding displayed tissue preferences. Nuclei isolated
from R3230AC mammary tumors had higher [3H]ER binding

capacity than any of the other tissues examined (Tables 2 and
3). Nuclei from estrogen target tissues, e.g., mammary gland,
liver, and kidney, had a greater number of binding sites than
non-target tissue, lung. Estimated nuclear binding capacity in
decreasing order was R3230AC mammary tumor > lactating
mammary gland = liver > kidney > lung. The similarity in
[3H]ER binding between liver and mammary gland may be due

to the higher DNA content of liver cells, many of which are
tetraploid (26-28). It is possible that the [3H]ER binding we
detected in non-target tissues primarily results from higher
nonspecific interaction of the [3H]ER with chromatin in these

tissues. Individual determinations of nonspecific binding of
[3H]ER to nuclei for each rat tissue examined are not feasible

because of the large quantities of calf uterine ER required for
such determinations.

Effect of Hormonal Milieu on [3H|ER Binding in Rat Tumor
Nuclei. The foregoing data indicated a large number of high-
affinity binding sites in R3230AC mammary tumors. However,
we observed an apparent difference in the number of estimated
binding sites per nucleus between tumors from intact versus
ovariectomized hosts. These results are presented in Table 2
and in Fig. 7. Tumor growth in the absence of ovarian hormones
led to a 40% decrease in the number of [3H]ER binding sites

per nucleus. In preliminary experiments, a similar pattern was
detected in DMBA-induced tumors (data not shown).

Ovariectomized R3230AC tumor-bearing rats were treated
with estrogen or progesterone. Five doses, ranging from 0.01-
1.0 mg estradiol valerate or 0.2-50 mg hydroxyprogesterone
caproate were given during a 2-week period, with the last dose
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Table 2 Estrogen receptor binding to isolated tumor nuclei in vitro

Nuclei were isolated from fresh R3230AC tumors as described in the text. The
nuclear binding assay (II) used [3H]17Â£-estradiol-charged calf uterus estrogen
receptor. Incubation was for 2 h at 4'C.

15-

HormonalperturbationR3230AC

mammarytumorIntactIntact

+ progesterone(10mg)-*OvariectomizedOVEX

+ estradici(mg)'0.010.11.0OVEX

+ progesterone(mg)'0.22.010.050.0Â«"193235563353ATâ€ž

(nM)2.0

Â±0.3f1.0

Â±0.21.6

Â±0.21.9

Â±0.42.6
Â±0.82.2
Â±0.61.8

Â±0.32.0
Â±0.21.0

Â±0.11.8
Â±0.5No.

of binding
sites/nucleus'95,000

Â±13.80055,800
Â±11,200'55,400

Â±3,8<X/56,100Â±

2,000^67,000
Â±9,50059,400
Â±6,500^50,100

Â±8,9<M/51,300
+3,900^46,000
Â±7,7(X/55,900
Â±15,200'

' n, number of samples; each represents tumor tissue from one rat.
'Corrected for 10% nonspecific binding of [3H]ER with nuclei.
' Mean Â±SE.
'The indicated hormone was administered s.c. in sesame seed oil. Each rat

received 5 injections at the indicated dose over 2 weeks with the last dose
administered 24 h prior to sacrifice.

' Significantly different I/' < 0.05) from the number of [3H]ER binding sites

per nucleus in R3230AC tumor nuclei from intact hosts.
f Significantly different (P < 0.01) from the number of [3H]ER binding sites

per nucleus in R3230AC tumor nuclei from intact hosts.

Table 3 Estrogen-charged estrogen receptor binding to isolated nuclei from
normal tissues in vitro

Assay conditions are described in Table 2.

TissueMammary

gland
Mid-lactation (days 10-13)
Late lactation (days 15-16)

Liver, male rat
Liver, female rat
Kidney, male rat
Lung, female rat
Uterus, calfn'9

6
6
3
3
2
1A,

(nM)1.2

Â±0.2*

1.6 Â±0.2
1.1 Â±0.2
1.4 Â±0.3
0.7 Â±0.1
0.9 Â±0.0

1.7No.

of binding
sites/nucleus*73.000

Â±20,000
41,500 + 6,200^
55,200 Â±7,400'
52,600 Â±8,700^
30,700 Â±4,200''
26.800 Â±4,000'

46,100
" n, number of samples per animal except that kidney and lung samples were

pooled from two and three animals, respectively.
* Corrected for 10% nonspecific binding of (3H]ER with nuclei.
c Mean Â±SE.
d Significantly different (P < 0.01) from the number of [3H]ER binding sites

per nucleus in R3230AC tumor nuclei from intact hosts (Table 2).

24 h prior to sacrifice of the rats and isolation of nuclei from
the tumors (Table 2). Curiously, under these conditions, there
appeared to be no dose-related effects for estrogen or proges
terone on either the ATdor number of [3H]ER binding sites per

nucleus estimated from Scatchard analysis.
Effect of Lactational Status on Nuclear [3H|ER Binding in Rat

Mammary Gland. We observed no difference in the binding
affinity of the [3H]estradiol-charged ER to nuclei isolated from

rat mammary glands at two different times during lactation
(Table 3). There was, however, an apparent 2-fold difference in
the number of binding sites present, the earlier stage in lactation
displaying a higher number of ER binding sites.

[3H]ER binding displayed tissue preference (Table 3). Nuclei

isolated from rat liver, a known estrogen target tissue (29),
displayed a higher number of binding sites than those isolated
from male rat kidney (also a target tissue, 29) or male rat lung
(a non-target tissue). In all cases, the A',,values were similar in

magnitude.
Nuclear [3H]ER Binding under Exchange Assay Conditions. In

order to determine whether decreases in the number of [3H]ER

nuclear binding sites in R3230AC tumors from Ovariectomized
rats treated with estradiol could be attributed to endogenously
filled sites under the standard assay conditions used (at 4Â°C),

identical saturation assays were run under exchange assay con-

O
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,2 3 4
CTUER ADDED (nM)
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0 40 80 120 I6O 200
CSH]ER BOUND

(fmoles/io'nuclei)

Fig. 7. Effect of ovariectomy on |3H)ER binding to R3230AC mammary
tumor nuclei. A, R3230AC tumor nuclei (IO6) from intact (O) and Ovariectomized
(â€¢)hosts were incubated with 0-0.5 nM [3H]ER in TOP buffer containing 0.1 M
KC1 for 2 h at 4*C. Washed nuclear pellets were extracted with 95% ethanol.

Points, mean Â±SE (bars) of triplicate determinations from which the background
counts have been subtracted. I!, saturation analysis plotted according to the
method of Scatchard. The curve was calculated by least squares regression
analysis.

ditions (30). For these experiments, the nuclear binding assay
was performed in a shaking water bath at 25Â°C.A saturation
plateau of [3H]ER binding was reached by 60 min at 25Â°Cversus
90 min at 4Â°C(Fig. 8 versus Fig. 2). Periods of preincubation
for 20, 45, or 60 min at 4Â°Cprior to the 25Â°Cincubation had
only a marginal effect on the extent of [3H]ER binding at

saturation. The subsequent exchange assays were performed at
25Â°Cfor 2 h in the presence of 0.1 M KC1.

The saturation kinetics of [3H]ER nuclear binding in
R3230AC tumors from intact, Ovariectomized, and estrogen-
treated Ovariectomized rats was examined at both 4Â°Cand 25Â°C
(Table 4). Under exchange assay conditions, i.e., at 25Â°C,there

was no significant increase in the nuclear binding capacity in
tumors from estrogen-treated Ovariectomized rats. However,
the nuclear [3H]ER binding capacity detected at 25Â°Cwas

significantly increased (P < 0.05) in tumors from both intact
and Ovariectomized hosts. Although all binding assays were
performed in TDP buffer containing 0.5 mM PMSF which was
found to inhibit proteolysis in cell-free chromatin reconstruc
tion experiments (31), it is possible that the increase in [3H]ER
binding detected at 25Â°Cwas caused by some proteolysis of
nuclear proteins resulting in an "unmasking" of ER binding
sites. Non-histone chromosomal (acidic) proteins which mask
approximately 70% of progesterone-receptor (PgR) acceptor
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KCI, the calculated number of ER acceptor sites per nucleus
(22,900 for R3230AC tumor from intact rats and 19,900 for
normal male rat liver) are consistent with those reported by
Ron et al. (29) who used 0.18 M KC1.

To our knowledge this is the first report comparing nuclear
pH]ER binding between normal rat mammary gland and rat
mammary tumors. While this manuscript was in preparation,
Dietrich et al. (22) reported on binding of ER to nuclei from
jV-nitrosomethylurea-induced mammary tumors, but they did
not quantitate the number of ER acceptor sites per nucleus. In
our experiments, we detected significant differences (P < 0.01)
in number of pH]ER binding sites per nucleus between normal
rat tissues and R3230AC mammary tumors, with the tumor
nuclei from intact hosts displaying a significantly (P < 0.01)
higher number of pH]ER acceptor sites per nucleus.

Transformed mammary cells exhibit a variety of abnormal
characteristics, including high rates of DNA synthesis (37),
high DNA polymerase Â«activity (38, 39), a DNA content 2-4
times higher than that in normal mammary gland at any stage
of lactation (14, 40, 41), and abnormal karyotypic features,
including aberrant numbers of chromosomes (21). Nuclei iso
lated from R3230AC mammary tumors contain different
amounts of DNA per nucleus depending on the ploidy of the
cell with a range of 6.5-19.0 pg DNA/nucleus for diploid-
hexaploid nuclei (21). Since our data are based on the number
of nuclei, differences in the number of binding sites between
normal and tumor nuclei may partly derive from the greater
amount of DNA per nucleus in these mammary tumors.

A most interesting observation was the difference (P < 0.05
or P < 0.01, Table 2) in the number of pH]ER binding sites
per nucleus for R3230AC mammary tumors from intact and
ovariectomized rats, the former displaying approximately twice
the number. These data imply that ovarian hormones, estrogens
and/or progesterone, may play a regulatory role in maintaining
some proportion of nuclear ER acceptor sites.

To investigate this, estradici valerate was administered to
OVEX R3230AC tumor-bearing rats. Although a range of
doses (0.01-1.0 mg, 5 doses for 2 weeks) was used, estrogen
treatment had only a minor effect on the number of pH]ER
binding sites compared to those in tumors from OVEX animals.
Nuclei isolated from the former showed only a slight increase
in pHjER binding capacity compared to OVEX controls. This
increase was not significant. No dose-response relationship
between estrogen levels and number of pH]ER binding sites per
nucleus was apparent.

The reason for the apparent lack of response to chronic
estrogen administration is not clear. The levels of administered
estradiol were sufficient to produce a biological, i.e., utero-
trophic, response. It should be noted that the doses of both
estrogen and progesterone administered alone were pharmaco
logical and exceeded the physiological levels, i.e., replacement
doses. Perhaps physiological levels of the full complement of
endogenous ovarian hormones, and the cyclical nature of their
release are important in regulating nuclear ER binding in these
tumors. It is also possible that the exogenous estradiol activated
endogenous ER in the tumors which, in turn, were tightly bound
to the nuclear binding sites. Since the standard nuclear binding
assay was conducted at 4Â°C,it would measure available, but not

exchangeable, sites (42). The presence of unlabeled charged ER
could prevent binding of labeled ER in vitro, leading to an
underestimation of the actual number of nuclear binding sites.
This possibility was addressed by comparing pH]ER binding
characteristics between nuclei assayed at 4Â°Cversus 25Â°C.Re

sults indicated that the differences detected in the number of
sites between R3230AC tumors from intact versus OVEX or

estrogen-treated OVEX rats were not merely attributable to
occupied ER binding sites, since it could be presumed that the
majority of such sites would be exchangeable when the assay
was conducted at 25Â°C.It is possible, however, that the endog-

enously bound ER complexes were so tightly bound that they
were not exchangeable even at 25Â°C,a temperature that would

allow exchange of the ligand (30).
In addition to estrogens, ovaries synthesize and secrete pro

gesterone, which could have an effect on the nuclear interaction
of ER. Nuclei from R3230AC mammary tumors from intact
rats treated with hydroxyprogesterone caproate showed a 40%
reduction (P < 0.05) in number of pH]ER binding sites com
pared to R3230AC tumor nuclei from intact hosts. Administra
tion of a progestogen at various doses to OVEX, R3230AC
tumor-bearing rats did not alter the number of estimated pH]-
ER binding sites per nucleus, although the number of sites was
slightly lower than that detected in OVEX animals treated with
estradiol (see above). Thus, administration of neither estradiol
nor a progestogen alone to OVEX rats is sufficient to restore
the number of nuclear ER binding sites in R3230AC tumors to
levels detected in tumors from intact rats. The effect of admin
istration of lower combined doses of estrogen and progesterone
on nuclear ER binding is currently under investigation.

Pharmacological doses of estradiol and hydroxyprogesterone
caproate administered to intact rats would inhibit pituitary
secretion of follicle-stimulating and luteinizing hormones, lead
ing to reduction in endogenous ovarian steroid synthesis and
secretion. Nonetheless, the differences seen in pH]ER binding
capacity in R3230AC tumors from intact and ovariectomized
rats were not expected. A lower nuclear binding in estrogen-
treated OVEX animals could be predicted, assuming exogenous
estrogen would lead to masking of nuclear binding sites. How
ever, progesterone administration to OVEX rats likewise
caused an apparent further reduction in nuclear [3H]ER binding

sites compared to OVEX control values. Such a result would
not be attributed to a competition for ER binding sites by PgR.
Thus, although it appears that ovarian hormones may be in
volved in regulation of nuclear binding of pH]ER in these
rodent mammary tumors, their role needs to be elucidated.

A similar number of pH]ER binding sites per nucleus were
observed in lactating rat mammary gland and rat liver (Table
3). One explanation for this similarity may be that there are
more ER binding sites in liver nuclei due to the higher DNA
content of liver cells, many of which are tetraploid (26-28).
Alternatively, the mammary gland nuclei may not have as many
ER binding sites as we had anticipated. In mice, the lactating
mammary gland, in contrast to virgin mouse mammary gland,
is not responsive to estrogen (43, 44). Similarly, mammary
glands of lactating rats were reported to be resistant to estradiol,
using PgR levels as a marker of estrogen action, but estradiol
treatment caused 4- to 5-fold increases in the activities of RN A
polymerases I and II in isolated nuclei (45). One group reported
that the lack of response to estrogen in lactating mammary
gland was not the result of differences in the receptor within
these tissues, but rather suggested that it was a property of the
state of the tissue itself (46). It was also postulated that the
nonresponsive state of the lactating mouse mammary gland to
estradiol, despite high concentrations of ER, may result from
interaction of ER with another cellular component that pre
vents ER from associating with biologically important chro-
matin acceptor sites (44, 47). More recently, Shyamala et al.
(48) compared binding of ER purified from either nulliparous
or lactating mouse mammary glands to chromatin isolated from
the same tissues. No difference was found in the affinity of ER
for mammary gland chromatin from either nulliparous or lac-
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tating mice; instead, the unresponsiveness of lactating gland to
estrogen is likely to be caused by a cytosol factor that inhibits
ER-chromatin binding (48). Our data imply that differences in
estrogen responsiveness of the rat mammary gland relative to
lactational status may derive, in part, from changes in the
number of nuclear ER acceptor sites. More discrete studies of
nuclear ER binding and dissociation kinetics are necessary.

In summary, we have shown saturable high-affinity binding
of partially purified calf uterine [3H]ER to binding sites in rat

nuclei in vitro. Tissue preferences were detected in the calculated
number of [3H]ER binding sites per nucleus. Of special interest

was the observation that R3230AC mammary tumors from
intact rats had a significantly higher number of nuclear [3H]ER

binding sites than that observed in tumors from OVEX rats.
Administration of various doses of a progestogen or an estrogen
to OVEX R3230AC tumor-bearing rats affected neither the
affinity of pHJER binding nor the number of nuclear [3H]ER

binding sites. Although the exact mechanisms by which ER
modulates gene expression remain to be elucidated, these results
suggest that endogenous estrogens, and perhaps progestogens,
are important in regulating the number of chromatin ER accep
tor sites.
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