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Abstract--The effects of ionizing irradiation on the sedimentation coefficients of 
both estrogen receptor (ER) and progesterone receptor (PgR) have been examined 
in comparison to the effects of proteolysis. DMBA-induced rat mammary tumors 
were subjected to a treatment of 20 Gy and the ER and PgR concentrations were 
determined at different time interualsajter irradiation. On a 5-20%sucrosegradient 
the ER sedimented as 9-l 1 and 4-5 S molecular forms, while PgR sedimented as a 
small 8-9 S peak and a major 4-5 S peak. Radiotherapy particularly reduced the 
4-5 S sedimentation peaks of both receptors but did not initiate any new 
sedimentation forms. Although the 4-5 S ER receptor concentralions remained 
low, both progesterone receptor forms appeared to recover by 60 days after 
treatment. As these effects could be due lo the release of proteolytic enzymes 
following irradiation of tumors, the receptors from untreated tumors wereexposed 
to different concentralions of trypsin. The effects of trypsin were identical for ER 
and for PgR, and proved to be dependent on the trypsin concentration. Only 
concentrations of trypsin up to 30 pg/ml resulted in a reduction of 9-l 1 S ER or 
8-9 S PgR forms which was accompanied by a simultaneous increase in the 4-5 S 
peaks, resulting in no change in total binding sites. Still higher trypsinization 
(300-3000 pg/ml) also reduced the 4-5 S ER and PgR fractions. In the presence or 
the absence of sodium molybdate, a stabilizer of the juster sedimenting forms of the 
receptor, no alterations were observed in the position of, or the total number of 
binding sites of, the sucrose gradient fractions from control or irradiated tumors. 
The irradiation effects appear to be due either to damage of the cytosolic ER 
receptor, thereby preventing its participation in the induction of de novo synthesis 
of ER and PgR, or to the non-specific damage of transcription and/or translation 
systems. 

INTRODUCTION 

THE ANALYSIS of steroid receptors in malignant 
tissue is not only effective for the prediction of 
hormone dependency [l-3] but has also shown 
efficacy in forecasting prognosis [2, 4-81. About 
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50% of all human breast cancers are hormone- 
dependent when estradiol receptor (ER) is present 
[3, 91, while in the absence of ER less than 10% 
respond to hormonal treatment. Improvement in 
the prediction rate can be achieved by the 
simultaneous and quantitative determination of 
estrogen [lo] and progesterone receptors (PgR) in 
breast tumor biopsies [ll, 121. In addition, 
clinical and biochemical factors which influence 
the receptor concentrations should also be taken 
into consideration, e.g. age and menopausal state, 
which are both important clinical parameters 
correlated with receptor concentrations. Pre- 
operative irradiation also affects the number of 
receptor binding sites [13, 141. This observation 
has been made in human breast cancers [ 131 and in 
DMBA-induced rat mammary tumors [14]. Both 
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ER and PgR concentrations decrease progres- 
sively to 50% at day 5 and maximally at day 30 
after irradiation. 

The present report evaluates the influence of 
ionizing irradiation on the sedimentation co- 
efficient of both ER and PgR as compared to the 
effect of proteolytic enzymes. In addition, the 
binding proteins are studied in the presence and 
absence of sodium molybdate, a known stabilizer 
of steroid receptors. 

MATERIALS AND METHODS 
Induction of tumor and radiation treatment 

Female Sprague-Dawley rats (Hannover strain 
X Hannover 91/D 3000; Zentral Institut fur 
Verzuchtieren), 50-55 days of age, received an 
intragastric dose of 10 mg DMBA (Fluka AG, 
Buchs, Switzerland) dissolved in 0.5 ml of sesame 
oil twice with an interval of 24 hr [15, 161. For 1 
week the antibiotic Tylosin (Tylan-Eli Lilly and 
Co., Indianapolis, IN, U.S.A.) (1 g/l) was added to 
the drinking water to prevent pneumonia. The 
animals were fed Purina chow diet ad libitum. 
The first mammary tumors appeared 2-3 months 
after treatment. Only tumors measuring between 
1 and 2.5 cm in diameter were used to avoid 
necrotic areas usually present in larger specimens. 
Radiotherapy on the tumors took place under 
general anesthesia with Nembutal (phenobarbital 
60 mg/kg) and atropine (1 mg/kg). Atropine was 
added to prevent excessive bronchial secretion. 
The treatment consisted of 20 Gy (1 Gy = 100 rad) 
telecobalt photons from a Barazetti (Monza, Italy) 
cobalt unit. Only one session of 40-50 min was 
given and the dose was calculated at 4 cm depth 
with 1 cm Plexiglas as build-up zone. An area of 
4 X 20 cm was irradiated. Four animals were 
placed in the irradiation beam with the tumors in 
the axis with care being taken to place the animals 
inside the penumbral area. A series of animals 
used as non-irradiated controls underwent the 
same anesthetic treatment as the irradiated rats. 
Ten controls and 10 treated animals were 
decapitated 5, 10, 30 and 60 days after irradiation. 
Another set of animals was used for trypsinization 
experiments. These were taken at random after 
induction with DMBA and were identical to the 
ones used for the radiation experiments. All 
tumors after removal were immediately placed in 
liquid nitrogen (-196°C). 

Typsinization experiments 
One gram of DMBA tumor tissue from 3 or 

more tumors was cut into pieces and pulverized 
to powder in liquid nitrogen. After theaddition of 
2 ml of phosphate buffer [5 mM Na,H,PO, 
(Merck, Darmstadt, F.R.G.), 10% glycerol, 1 mM 
monothioglycerol (Carlo Erba)], pH 7.4,4’C, the 

powder was homogenized in a Potter-Elvehjem 
homogenizer with a Teflon pestle. After centri- 
fugation at 105,OOOg (International Ultracentri- 
fuge B60, Model SB 405 swinging bucket) for 30 
min, the pooled supernatant was used for the 
receptor studies as described before [14]. Dispos- 
able 10 X 75 mm glass culture tubes were utilized 
in these experiments. Fifty microliters of trypsin 
(Trypsin-TPCK, Worthington Biochemical Co., 
Freehold, NJ, U.S.A.) dissolved in phosphate 
buffer at room temperature were quickly added to 
the tubes containing 100 ~1 of the cold super- 
natant (4°C) and vigorously mixed. The concen- 
trations of trypsin used in these experiments were 
0, 3, 30, 300 and 3000 pg/ml. Incubation took 
place for 5 min at 22°C. The reaction was stopped 
when 50 ~1 of cold (4’C) soybean trypsin inhibitor 
(Merck) in phosphate buffer was added and 
thoroughly mixed. The tubes were immediately 
placed in ice. Finally 50 ~1 of 25 nM 17/3-[2,4,6,7- 
3H]-estradiol (sp. act. 115 Ci/mmol; New England 
Nuclear, Boston, MA, U.S.A.) or l’la-[methyl- 
‘HI-promegestone (Rsozo; 17,21-dimethyl-19-nor- 
4,9-pregnadiene-3,10-dione-17a-[methyl-3H]; sp. 
act. 87 Ci/mmol, New England Nuclear) in 
phosphate buffer was added at 4°C. These 
mixtures were incubated overnight (16 hr) at 4°C. 
A duplicate of each incubation contained in 
addition to the tracer a lOO-fold excess of cold 
ligand. 

Preparation of steroid-receptor complexes from 
cytosol 

Non-irradiated control tumors and irradiated 
tumor tissue (1 g, representing 3 or more pooled 
tumors) were pulverized at -196°C. Two milli- 
liters of phosphate buffer with and without 
10 mM sodium molybdate (Sigma Chemical Co., 
St. Louis, MO, U.S.A.) were added and 
homogenization was again performed in a 
Potter-Elvehjem homogenizer with a Teflon 
pestle. After centrifugation at 105,000 g, 200 ~1 of 
the supernatant was added to 50 ~1 of tritiated 
tracer at 4°C with and without a lOO-fold excess of 
cold ligand. The mixture was shaken and 
incubated overnight (16 hr) at 4°C in duplicate. 

Sucrose density gradient analysis 
The cytosol (250 ~1) prepared as described 

above was added to a dextran-coated charcoal 
(DCC) pellet. This pellet, obtained by centrifuga- 
tion of 500 ~1 of DCC suspension [TED 
buffer-0.25% activated charcoal-0.025% dextran 
(Grade C, BDH Biochemicals, Poole, U.K.)] at 
3000 g for 10 min (International CentrifugeSize2, 
Model K), was resuspended in the incubate and 
centrifuged immediately for another 10 min. Two 
hundred microliters of the resulting supernatant 
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were layered on a 5-20% sucrose gradient 
prepared in phosphate buffer, pH 7.4, at 4°C. For 
each run an identical sucrose gradient was layered 
with 200 ~1 of bovine serum albumin (methyl-‘4C) 
(New England Nuclear) as an external standard. 
The gradients were centrifuged in a Beckman SW 
50 Ti for 16 hr at 4°C at 190,000 g. Each 
gradient was fractionated into portions contain- 
ing 4 drops (22-23 fractions per gradient) with a 
Beckman fraction recovery system. The gradient 
was replaced with paraffin oil (Merck, Darmstadt, 
Germany) and recovered by puncturing the 
bottom of the tube in a minicountingvial (Lumac 
Systems AG, Basel, Switzerland). The radio- 
activity was measured by adding 1 ml Aqua Luma 
scintillation liquid (Lumac Systems AG) and 
counting was performed in a liquid scintillation 
spectrometer (Rack Beta LKB, Wallac, OY, 
Turku, Finland). Protein concentrations were 
measured according to the Folin phenol method 
[17]. Care was taken to avoid differences in protein 
concentration in cytosol between gradients. In 
addition, the cytosol was well concentrated to 
obtain reproducible and significant peaks. In case 
of possible individual variations each experi- 
mental run was carried out at least 6 times. 

RESULTS 
Effect of ionizing irradiation on the steroid 
receptors 

Treatment of the DMBA-induced mammary 
tumors with 20 Gy telecobalt photons in one 
session decreased the total amount of specific 
binding sites for both estradiol and progesterone. 
The ER sedimented as 9-l 1 and 4-5 S molecular 
forms on a 5-20% sucrose gradient. Although the 
area under the tritiated estrogen peaks differed 
somewhat from one experiment to another, no 
new peaks appeared following radiotherapy and 
the original two sedimentation peaks were still 
recognizable after irradiation. For all gradients 
performed the average cytosolic protein content 
amounted to 20.70 mg/ml + 2.45 S.E.M. The 
ratio of the area beneath the two peaks, however, 
was affected by irradiation as the 4-5 S peak 
particularly became diminished in all pooled 
cytosols as the time after irradiation progressed 
(Fig. 1). Similarly, the PgR profiles on sucrose 
gradients as measured by tritiated R,,,, remained 
relatively unchanged without the appearance of 
new peaks following irradiation. Throughout the 
period of 60 days following irradiation of the 
tumors, PgR sedimented as a small 8-9 S peak and 
a major 4-5 S peak (Fig. 2). Although the position 
and number of sedimentation peaks were 
unchanged by irradiation, both estradiol and 
progesterone 4-5 S receptor concentrations de- 
creased progressively for 30 days as a result of such 

Fig. 1. Sucrose density gradient profiles of ER from DMBA 
tumors at various time interuals after 20Gy ionizing 
irradiation. (a) Day 0 (control); (b) day 5; (c)day 10; (d) day 30; 
(e) day 60. ??4 Total bound tritiated ligand; O-O 

non-specific binding; marker (arrow): [“Cl-BSA (S = 4.6). 

Fig. 2. Sucrose density gradient profiles of PgR from DMBA 
tumors at various time intervals after 20Gy ionizing 
irradiation. (a) Day 0 (control);(b) day 5; (c)day 10; (d) day 30; 
(e) day 60. 04 Total bound tritiated ligand; O-O 

non-specific binding; marker (arrow): [‘%I-BSA (S = 4.6). 

treatment. While the4-5 S ER receptor concentra- 
tions remained low, the progesterone receptors 
appeared to recover by 60 days after irradiation, an 
observation which suggests that at this time the 
remaining ER have become more effective in 
maintaining the level of PgR. 

Effect of typsin treatment 
Since an expected result of ionizing radiation 

on these tumors might be the release of proteolytic 
enzymes, it was considered necessary to relate the 
possible effects of a peptidase on the sedimenta- 
tion pattern of the two receptors. Trypsin had a 
similar effect on both estradiol and progesterone 
receptors from DMBA tumors, and this effect was 
shown to be dependent on the level of enzyme in 
the incubate. 

Discrete trypsinization of the ER with up to 
3 pg trypsin’ml incubate had no effect on the two 
molecular forms nor on the area under the two 
peaks. Mild trypsinization of this protein by 30 pg 
trypsin/ml affected the 9-11 S form, resulting in 
its reduction with a simultaneous increase in the 
4-5 S peak. The overall receptor concentrations 
(area under both peaks), however, were nearly 
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identical to the control without trypsin. Stronger 
trypsinization (300-3000 pg trypsin) also affected 
the 4-5 S ER fraction by decreasing the area under 
this peak with an overall decrease in the receptor 
concentration. No shift in sedimentation co- 
efficient was observed in these experiments since 
new peaks did not appear (Fig. 3). 
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Fig. 3. EJject of trypsin on ER in DMBA cytosol of mammary 
tumors. Tumor cytosol (18 mg protein/ml) was incubated 
with various levels of trypsin followed by the inhibition of 
enzyme activity and the equilibration ojreceptor with tritiated 
estradiol before analysis on density gradient (details in 
Materials and Methods). ??A Total bound tritiated 
ligand; 0-O non-specific binding; marker (arrow): [“Cl- 
BSA (S = 4.6). 0 pg trypsin: radioactivity under the 10.5 Speak: 
1566 dpm/mg protein; under the 4.6 S peak: 11694 dpm/mg 
protein; total radioactivity: 13260 dpm/mg protein; 3 pg 
tr-ypsin: radioactivity under the 11.2 S peak: 2082 dpm/mg 
protein; under the 4.6 S peak: 11114 dpm/mg protein; total 
radioactivity: 13193 dpm/mg protein; 30 t.tg trypsin: radio- 
activity up to fractton 11: 379 dpm/mgprotein; under the 4.6 S 
peak: 13668 dpm/mg protein; total radioactivity: 14047 dpm/ 
mg protein; 300 pg trypsin: radioactivity up to fraction 11: 
269 dpm/mg protein; under the 4.6 S peak: 4865 dpm/mg 
protein; total radioactivity: 5135 dpm/mg protein; 3000 c(g 
typsin: radioactivity up to fraction 11: 320 dpm/mg protein; 
under the 4.6 S peak: 3636 dpm/mg protein; total radio- 

activity: 3956 dpm/mg protein. 

The progesterone receptor, identified by the 
specific binding with [3H]-R,,,,, also showed two 
peaks after gradient separation (Fig. 4). The most 
rapidly sedimentating receptor displayed an 8-9 S 
peak followed by a 4-5 S peak of radioactivity. 
Here again we found some variations between 
experiments but to a lesser extent than that 
observed with the ER. For R,,,, binding, the 4-5 S 
peak always dominated the relatively small 8-9 S 
peak. Trypsinization with up to 3 pg trypsin/ml 
showed no significant differences from the control 
(0 pg trypsin). Mild trypsinization with 30 pg/ml 
resulted in a loss of the 8-9 S structure with a 
simultaneous enlargement of the 4-5 S peak. 
Utilizing up to 30 pg trypsin/ml brought about 
no loss in total receptor activity. Higher 
concentrations of trypsin also affected the 4-5 S 
PgR by decreasing its concentration. The overall 
receptor concentration decreased at the same time. 
Again, as with the trypsinization of ER, no new 

0 

Fig. 4. Effect of trypsin on PgR in DMBA tumor cytosol. 
Tumor cytosol (23 mg protein/ml) was tncubated with 
various levels of trypsin followed by the inhibition of enzyme 
activity and the equilibration of receptor with tritiated 
promegestone before analysis on density gradient (details in 
Materials and Methods). ??4 Total bound tritiated 
ligand; O- 0 non-specific binding; marker (arrow): [‘“Cl- 
BSA (S = 4.6). 0 pg trypsin: radioactivity under the 8.6 Speak: 
7544 dpm/mg protein; under the 4.6 S peak: 18024 dpm/mg 
protein; total radioactivity: 25588 dpm/mg protein; 3 c(g 
trypsin: radioactivity under the 8.6 S peak: 8104 dpm/mg 
protein; under the 4.6 S peak: 17956 dpm/mg protetn; total 
radioactivity: 26061 dpm/mg protein; 30 pg trypsin: radio- 
activity up to fraction 11: 1077 dpm/mg protein; under the 
4.6 S peak: 24489 dpm/mg protein; total radioactivity: 
25567 dpm/ mg protein; 300 pg typsin: radioactivity up to 
fraction 11: 620dpmImg protein; under the 4.6s peak: 
8090 dpm/mg protein; total radioactivity: 8711 dpm/mg 
protein; 3000 t.tg trypsin: radioactivity up to fractton 11: 
383 dpm/mg protein; under the 4.6 S peak: 3950 dpm/mg 

protein; total radioactivity: 4333 dpm/mg protein. 

peaks were observed following the treatment of 
PgR (Fig. 4). 

In order to observe the pattern of the 
sedimentation peaks for ER and PgR in the 
presence of a stabilizer of non-activated steroid 
receptors, the cytosol from control and irradiated 
tumors were incubated with tritiated ligand in the 
presence and absence of 10 mM sodium molyb- 
date. For both the estradiol and progesterone 
receptors slight changes in the area of the peaks 
were observed. Molybdate increased the area 
under the 8-9 S peak for [3H]-R5,,20 (Fig. 5) and the 
9-11 S peak for tritiated estradiol (Fig. 6). 
Simultaneously the area of the 4-5 S peak of both 
receptors decreased slightly. No position shifts of 
the sucrose gradient fractions were observed. The 
total amount of receptor was not influenced by the 
addition of molybdate. Nor was there any 
difference in the pattern changes observed 
between irradiated tumors (Figs 3 and 4) and 
controls (data not shown). 

DISCUSSION 
Ionizing irradiation reduces both ER and PgR 

in human [13] and rat DMBA mammary tumors 
[14]. This decrease is progressive and maximal at 
20-30 days after irradiation as measured by the 
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Fig. 5. Effect of moJyb~te on PgR in DMBA tumors. DMBA 
tumor cytosot (20.7 mg protein/ml) was ~~cubnted with 
tritiated promegestone with (0 -0) or without (ad) 
an excess of cold Jigand in the presence (a) and absence (b) of 
10 mM sodium molybdate and analyzed by a sucrose density 
gradient. (a) Radioactivity under the 8.6 Speak: 1721 dpm/mg 
protein; under the 4.6 S peak: 10357 dpm/mg protein; total 
radioactivity: 12811 dpm/mg protein. (b) Radioactivity under 
the 8.6 S peak: 529dpm/mg protein; under the 4.6 S peak: 
10227 dpm/mg protein; total radioactivity: 10763 dpm/mg 

protein. 

b. 
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Fig. 6. Effect of molybdate on ER in DMBA tumors. DMBA 
tumor cytosoJ(21 mgprotein/ml) was incubated with tritiated 
estradiol with (0 -0) or without (.A) an excess of 
cold ligand in the presence (a) and absence (b) of 10 mM 
sodium molybdate and analyzed by a sucrose gradient. (a) 
Radioactivity under the 9.S peak: 6331 dpm/mg protein; 
under the 4.6 S peak: 12850 dpm/mg protein; totat radio- 
activity: 19182 dpm/mg protein, (b) Radjoact~vity under the 
9 S peak: 5087 dpm/mg protein; under the 4.6s peak: 
16075 dpmfmg protein; total radioactivity: 21162 dpm/mg 

protein. 

DCC assay. Comparable results are obtained after 
sucrose density gradient analysis when a gradual 
decrease of non-activated cytoplasmic ER and of 
PgR in pooled tumors is observed after treatment. 
Using pooled tumor samples from different 
animals throughout the experiments helps to 
eliminate possible interaction by endogenous 
hormone concentrations present in individual 
animals and to reduce characteristic effects of 
individual tumor structures. Scattering radiation 
and inadequate shielding make comparisons 
between irradiated and non-irradiated tumors 
from the same animal unreliable. The sedimenta- 

tion coefficients for both receptors does not 
change significantly after radiotherapy. The 9-l 1 
and 4-5 S receptor forms of ER and the 8-9 and 
4-5 S forms of PgR remain intact. There is, 
however, a significant variability in the relative 
predominance of each of the two forms. Although 
freezing is known to reduce particularly the heavy 
forms of the receptor, as all tumors were kept in 
liquid nitrogen freezing does not seem to be 
responsible for the observed variations [ll]. Since 
the 4-5 S structure of both steroid receptors is 
particularly affected by irradiation, one would 
suspect that the availability of this receptor for 
activation is considerably reduced. This is of 
major importance for the ER, which is also 
partially responsible for the regulation of PgR. 

In addition, these studies were designed to 
evaluate the possible proteolytic activity brought 
about by the effect of ionizing irradiation on these 
tumors. The effects of proteolytic enzymes on the 
steroid receptor forms in sucrose density gradient 
analysis were different from those observed by 
irradiation. Trypsin, a proteolytic enzyme, 
proved to have a pronounced influence on the 
molecular forms and on the number of binding 
sites for estradiol and progesterone. As controls 
and trypsinized samples are treated identically, a 
possible slight loss in total ER and PgR 
concentrations due to the incubation at 22°C for 5 
min cannot affect the trypsinization results. A 
mild ~ypsinization {up to 30 @g/ml) practically 
abolished the 9-l 1 S molecular form of both the 
ER and PgR. However, the total amount of 
binding sites for estradiol and promegestone is 
not reduced since a simultaneous increase in the 
4-5 S was noted. Similar observations were made 
in other experimental systems and with other 
receptors [ 181. Beyond 30 pg trypsinml a gradual 
decrease of the solitary 4-5 S peak was seen, along 
with a gradual disappearance of the total amount 
of binding sites. These effects on ER are 
comparable with the effect on PgR. 

The effect of molybdate on the molecular forms 
of cytoplasmic ER and PgR from DMBA tumors 
was not as pronounced as observed by others [9, 
19, 201. Homogenization and incubation of the 
cytosol in the presence of 10 mM molybdate gave a 
slight increase in the 8-9 S receptor form without 
significantly affecting the 4-5 S form of PgR. 
Molybdate, on the other hand, brought about a 
slight increase in the ER 9-11 S peak accompanied 
by a decrease in the 4-5 S peak. This effect was 
similar for control and irradiated tumors. Since 
molybdate protects the steroid receptors by 
inhibition of receptor transformation and by 
maintaining receptors in a ‘native’ 8-10 S form, 
irradiation does not seem to interfere with these 
stabilizing characteristics [8, 19, 21-231. This was 
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clearly demonstrated by the inability of molybdate possible explanations remain which might 
to change the sedimentation pattern of both the explain the diminution of ER: (1) irradiation- 
ER and PgR. More important is the different damaged cytosolic receptor may not be capable of 
sedimentation behavior exhibited by both steroid inducing de nouo synthesis of ER when 
receptors after irradiation as compared to the complexed with estradiol; or (2) irradiation- 
effect of a proteolytic enzyme (discussed above). damaged transcription or translation systems may 
The decreased steroid receptor concentrations after not be totally functional. The latter would be 
ionizing irradiation therefore appear not to be due expected to lead to a decrease in many cellular 
to proteolytic activity in the cytosol [14]. Two proteins, a fact supported by previous studies [24]. 
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