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Summary 

The effect of 4-hydroxytamoxifen (4OH-TAM), the potent anti-estrogenic metabolite of tamoxifen, on the 
radiosensitivity of MCF-7 cells irradiated in vitro was determined. Radiation dose response curves were gen- 
erated for MCF-7 cells maintained and irradiated in phenol red-free medium containing 10 -l° M estradiol (E2) 
with or without 10 -7 M 4OH-TAM. Immediately after irradiation cells were transferred to medium containing 
10 -~° M E 2 supplemented with bovine serum to stimulate colony formation. Estradiol-stimulated cell prolifer- 
ation was inhibited by 10 -7 M 4OH-TAM, but radiation sensitivity was not significantly altered (p > 0.3). 
Continued incubation in the absence of E 2 for an additional 24 hours after irradiation likewise failed to alter 
the radiosensitivity of 4OH-TAM-treated MCF-7 cells. These studies indicate that growth-inhibitory concen- 
trations of the anti-estrogen 4OH-TAM do not modify the in vitro radiation sensitivity of this line of human 
breast carcinoma cells. 

Introduction 

The non-steroidal anti-estrogen tamoxifen (TAM) 
has been demonstrated to provide a definite surviv- 
al advantage to postmenopausal women with early 
stage node-positive breast cancer and also provides 
a similar benefit to women with early stage node- 
negative disease [1-5]. Extensive experimentation 
with human breast carcinoma cells maintained in 
tissue culture or as tumor xenografts in nude mice 
strongly suggests that TAM acts as a cytostatic 
agent causing a G I transition delay, a decrease in the 
growth fraction, and a prolongation of the potential 
doubling time of breast carcinoma xenografts [6-9]. 

In conventional treatment settings, TAM therapy 
is initiated shortly after surgery and is frequently 

continued during and after adjuvant therapy, in- 
cluding systemic chemotherapy and fractionated ir- 
radiation. The demonstration that TAM exerts cy- 
tostatic effects on estrogen-receptor positive (ER+) 
breast cancer cells has spawned concerns that a 
TAM-induced decrease in the rate of cell prolifer- 
ation may diminish the effectiveness of ionizing ra- 
diation by increasing cellular radioresistance. Re- 
cent reports by Wazer et al. [10, 11] demonstrating 
that the radiation responsiveness of estrogen-re- 
ceptor positive MCF-7 breast cancer cells in vitro 
was significantly reduced by TAM exposure have 
heightened these concerns of possible antagonistic 
effects of TAM on radiation response. The resultant 
increase in survival was manifest as a wider shoul- 
der region on the survival curve, a change which 
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over the course of a typical thirty fraction treatment 
regimen could result in a reduction of greater than 
six logs of cell kill. If true, this would seriously com- 
promise the probability of local control. 

However, for those studies MCF-7 cultures were 
grown, drug-treated, and/or irradiated in medium 
containing phenol red and fetal bovine serum, two 
sources of exogenous estrogenic compounds which 
could complicate interpretation of the resultant ra- 
diation survival curves. If TAM-associated radio- 
protection does indeed occur, it could result in a sig- 
nificant deleterious effect on radiation response. 
We therefore re-examined the effect of anti-estro- 
gen treatment on the radiosensitivity of MCF-7 
cells maintained under hormonaUy defined condi- 
tions and utilizing 4-hydroxytamoxifen (4OH- 
TAM), a potent metabolite of TAM. This anti-es- 
trogenic agent displays the same pharmacologic ac- 
tivity as TAM, has a higher binding affinity for the 
estrogen-receptor, and is nearly two-orders of mag- 
nitude more potent [12]. For these reasons, it is 
ubiquitously used as a model compound for labora- 
tory studies examining the anti-estrogenic actions 
of TAM. 

Material and methods 

Cell culture 

The estrogen receptor-positive MCF-7 cell line was 
originally obtained from Dr. Dean Edwards (Uni- 
versity of Texas Health Science Center at San Anto- 
nio, San Antonio, TX) who obtained the stock from 
the Michigan Cancer Foundation [13]. Stock cultur- 
es of MCF-7 breast carcinoma cells were routinely 
maintained in phenol red-containing minimum es- 
sential medium supplemented with 5 % (v/v) calf se- 
rum, L-glutamine (0.29 mg/ml), and bovine insulin 
(6 ng/ml). The medium was buffered with 0.35 g 
NaHCO3/1 and 25 mM N-hydroxyethylpiperazine- 
N'-2-ethane sulfonic acid. In the following descrip- 
tions this medium is referred to as 'complete medi- 
um'. Cultures were maintained in a humidified at- 
mosphere of 95% air/5% C O  2 at 37 ° C. The cells 
were negative for Mycoplasma contamination. 

Drug treatment 

Estradiol (Ez; Sigma Chemical Co.) and 4OH-TAM 
(ICI Pharmaceuticals, Macclesfield, England) were 
prepared as concentrated stocks in 100% ethanol 
and diluted 1 : 1000 (v/v) into the culture medium. 
Final ethanol concentration in the media was 0.1%. 
At this concentration the vehicle did not modify 
plating efficiency or radiosensitivity. 

Growth response assay 

The effects of E 2 and the anti-estrogen 4OH-TAM 
on the growth of MCF-7 cells were assayed as previ- 
ously described [14]. Briefly, cells were plated into 
24-well dishes at a concentration of 14,000 cells per 
well in complete medium. Twenty-four hours later, 
the medium was replaced with phenol red-free me- 
dium containing 5 % (v/v) dextran-coated charcoal- 
stripped calf serum (SCS). Cells were maintained in 
this estrogen-deficient medium for 4 days and then 
cultured for an additional 5 days in similar medium 
containing E 2 with or without various concentra- 
tions of 4OH-TAM. Cells were then harvested for 
cell number determination by DNA assay. Each 
well was treated with i ml of hypotonic, 0.1 x calci- 
um-magnesium-free Hank's balanced salt solution 
and sonicated for 12 sec/well with a Kontes ultra- 
sonic cell disruptor. Samples (50-100 gl) from each 
well were then removed, incubated with Hoescht 
33258 according to LaBarca and Paigen [15], and 
analyzed on a SLM-Aminco Fluoro-Colorimeter 
III (SLM Instruments, Inc., American Instrument 
Company, Urbana, IL). 

Radiation treatment 

Prior to each experiment, MCF-7 cells were plated 
into 162 cm 2 flasks in phenol red-free medium sup-, 
plemented with steroid-stripped calf serum and 
10 -12 M E 2. Twenty-four hours later the medium was 
removed and replaced with phenol red-free medi- 
um supplemented with 5% SCS. Cells were main- 
tained in this estrogen-deprived condition for a to- 
tal of four days before the addition of E 2 (10 -l° M) 
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and 4OH-TAM (10 -7 M) in fresh medium. After  the 

addition of the compounds, the cultures were main- 
tained for an additional 5 days. Medium was 
changed every other  day. At  the conclusion of this 
incubation period, cells were harvested from the 
flasks and allocated to individual t reatment groups 
for irradiation. 

Cells were exposed at 4 ° C to X-rays from a Phi- 
lips 250 kVp source operating with a 0.2 mm Cu fil- 
ter in place at a dose rate of 2.00 Gy/min. Prior to 
and after irradiation, flasks containing cells were 
kept on ice until the cells were counted and plated 
for survival determination by conventional clono- 
genic assay. To permit colony formation, cells were 
plated in phenol red-free medium supplemented 
with 10-~° M E 2 and 5% SCS. Estradiol-stimulated 
cells and one group of 4OH-TAM-treated cells 
were plated into this medium immediately after ir- 
radiation. A second group of 4OH-TAM-treated 
cells was maintained in a non-proliferative state in 
phenol red-free medium with 5% SCS for a 24 hour 
period after irradiation. At  the conclusion of this in- 
terval, E 2 was added directly to each plate to a final 
concentration of 10 -1° M. 

A feeder  cell effect was detected in control ex- 
periments (data not shown). Consequently, 105 le- 
thally-irradiated cells were added to each plate. 
Two weeks after plating, colonies consisting of > 50 
cells were counted. Survival was expressed as the 
ratio of plating efficiency of individual t reatment 
groups to that of the unirradiated control. 

Statistical analysis 

Each radiation dose response curve was fitted to a 
linear quadratic model of the :form: lnS(D) = 
0-0~D-[3D 2, where D is radiation dose in grays (Gy), 
S(D) is the proport ion of cells surviving at dose D, 
and O is an estimate of lnS at zero dose. The a and [3 
values were then used as data in a multivariate anal- 
ysis of variance to test for differences among the 
treatment groups. The reported p-value was calcu- 
lated by a Wilk's Lambda analysis [16]. 
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Fig. 1. Results of a representative proliferation experiment illus- 
trating the effects of increased E 2 concentration on proliferation 
of MCF-7 cells (open squares) and the inhibitory effect of in- 
creasing concentrations of 4OH-TAM on E 2 (10 -l° M) stimulated 
growth (filled circles). The arrow indicates the concentration of 
4OH-TAM used in the radiation experiments. 

Results 

Prior to initiation of radiation studies, experiments 
were designed to identify the doses of E 2 and 4OH- 
TAM required to stimulate cell growth of MCF-7 
cells or inhibit Ez-stimulated growth, respectively. 
As shown in Fig. 1, the addition of increasing con- 
centrations of E 2 resulted in an increase in cell num- 
ber, manifest in this assay as an increase in amount  
of D N A  recovered per well. Proliferation was maxi- 
mal at an E 2 concentration of 10 -~° M. Consequent- 
ly, this concentration was selected for all subse- 
quent experiments. Also shown in Fig. 1 is the effect 
of various concentrations of 4OH-TAM on the pro- 
liferation of MCF-7 cells maintained in medium 
containing 10-1°M E 2. Ez-stimulated growth was 
completely inhibited when 10 -7 M 4OH-TAM was 
included in the medium. Based upon these studies, 
10 -7 M 4OH-TAM was selected as a growth-inhib- 
itory dose for use in combination with 10 -1° M E 2 for 
the radiation experiments. 

The radiation dose response curve for E2-stimu- 
lated, exponentially growing MCF-7 cells exposed 
to X-rays and immediately plated into growth-stim- 
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Fig. 2. Radiat ion dose response curves for MCF-7 cells irradiated 

in the presence of 10 -1° M E2 in the  absence (o) or presence of 
10 -7 M 4OH-TAM.  Cells treated with 4 O H - T A M  were plated for 

survival assay either immediately (u) or 24 hours  after (U]) irradi- 

ation. Error  bars represent  s tandard deviations of three inde- 

pendent  determinat ions for each t rea tment  condition. 

ulating medium is shown in Fig. 2. Based on survival 
data from three independent determinations, the 
best fit to the linear quadratic equation, lnS(D) -- 
0-czD-13D 2, resulted in values of 0.317 Gy -1 (+ 0.10; 
SEM) and 0.143 Gy -2 (_+ 0.03) for a and [3, respec- 
tively. The corresponding a and [3 parameters for 
MCF-7 cells maintained in the presence of 10 -7 M 
4OH-TAM prior to radiation exposure and then 
plated directly into Ez-containing medium for colo- 
ny formation were 0.302 Gy -1 (+ 0.06) and 0.168 
(+ 0.017) Gy -2, respectively. The radiation response 
of cells from these two treatment groups did not dif- 
fer significantly. 

Placement of 4OH-TAM-treated MCF-7 cells in- 
to medium containing growth-stimulatory concen- 
trations of E 2 immediately after irradiation could 
potentially negate any protective effect resulting 
from the cytostatic action of the anti-estrogen by 
promoting recruitment of the growth-inhibited 
population into active proliferation. Such recruit- 
ment might minimize the time available for damage 
repair prior to DNA synthesis. In order to evaluate 

this possibility, one group of MCF-7 cells was cul- 
tured and irradiated in the presence of 4OH-TAM 
but maintained in E2-free medium for 24 hours after 
irradiation. Cell proliferation was then stimulated 
by the addition of E 2 to a final concentration of 
10 -l° M. As shown in Fig. 2, this 24 hour delay be- 
tween the time of irradiation and the mitogenic 
stimulus did not significantly alter radiation re- 
sponse. The a value for this treatment group was 
0.424 (_+ 0.083) Gy -1 while [3 was 0.143 (+ 0.025) 
Gy -2. Of particular interest is the clear lack of a dif- 
ference in survival at 2.0 Gy (Fig. 2), the most com- 
monly used dose per fraction in radiotherapy. In 
summary, no significant differences in radiation 
sensitivity were detected by multivariate analysis of 

and [3 values for the three treatment groups (p > 
0.3). 

D i s c u s s i o n  

Treatment conditions which inhibit or retard the 
progress of cells through the cell cycle have been 
reported to reduce the radiosensitivity of affected 
populations [17]. It has been hypothesized that this 
protective effect is attributable to a greater oppor- 
tunity for damage repair in non-proliferating cells, 
presumably related to a delay in damage fixation 
associated with DNA synthesis. Consequently, the 
use of cytostatic agents might be considered ill-ad- 
vised in circumstances were maximal radiation re- 
sponse is desirable, as would be the case for the 
treatment of solid tumors with radiation. The anti- 
estrogen TAM is an effective cytostatic agent which 
is commonly administered during the course of 
fractionated radiation for the treatment of estrogen 
receptor positive (ER+) human breast cancer [1-5]. 
If TAM does indeed reduce the radiation sensitivity 
of ER+ breast carcinoma cell populations, then 
concommitant administration of TAM during frac- 
tionated radiation could adversely affect treatment 
outcome. Particularly disconcerting in this regard, 
then, are the reports by Wazer et al. that growth- 
inhibitory concentrations of TAM reduce the radi- 
ation sensitivity of hormone responsive MCF-7 
breast carcinoma cells in vitro [10, 11]. The altered 
radiation sensitivity was reported to be predomin- 
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ately due to a change in the shoulder, or low dose 
region, of the survival curve, at doses typical of 
those used clinically. According to the survival par- 
ameters included in their paper, the change in sensi- 
tivity for TAM-treated cells would result in a reduc- 
tion in excess of 6 logs of cell kill over the course of a 
thirty fraction treatment. Clearly, then, the alleged 
TAM-associated radioprotection could have pro- 
found implications for breast cancer therapy. 

However, several studies published in recent 
years indicate that not all cytostatic therapies alter 
the radiation responsiveness of targeted cells. Of 
particular relevance to the situation with TAM, are 
studies indicating that certain hormonal manipula- 
tions can result in growth inhibition without influ- 
encing radiosensitivity [18, 19]. This information, 
combined with concerns about culture conditions 
employed in previous studies examining the effect 
of TAM on radiation sensitivity, prompted us to re- 
examine the relationship between anti-estrogen in- 
duced growth inhibition and radiation response. It 
should be noted that the experimental conditions 
employed in the current series of experiments differ 
considerably from those used by Wazer and col- 
leagues [10,11]. Paramount among these differences 
is the fact that in the present experiments MCF-7 
cells were maintained in E2-deficient, phenol red- 
free medium supplemented with calf serum which 
had been charcoal-stripped to remove extraneous 
sources of estrogens. Furthermore, cell prolifera- 
tion was inhibited by the addition of the potent me- 
tabolite 4OH-TAM, as opposed to the parent com- 
pound. 4OH-TAM, a more proximate form of the 
active metabolite of TAM, is approximately two or- 
ders of magnitude more potent in terms of growth- 
inhibitory properties than TAM itself [12] and is 
commonly used in the laboratory to examine the 
anti-estrogenic effects of triphenylethylenes, in- 
cluding TAM. The use of this metabolite does not 
invalidate comparison between the two studies, 
since in both cases growth-inhibitory concentra- 
tions of the respective anti-estrogen were selected 
for study. 

In contrast to previous reports, no significant dif- 
ferences were observed in radiosensitivity for E 2- 
stimulated or 4OH-TAM-inhibited cultures plated 
into growth-stimulating conditions immediately af- 

ter irradiation or following an additional 24 hours in 
estrogen-free conditions. Clearly, under defined 
hormonal conditions consistent with the recom- 
mended procedure for growing MCF-7 cells in vitro 
[20], no protective effect of the active TAM-metab- 
olite, 4OH-TAM, was observed. Although in their 
latest report Wazer et al. reported a slight survival 
advantage for TAM-treated MCF-7 cells based up- 
on analysis of single dose radiation survival curves, 
no differences in the extent of DNA damage, DNA 
repair, or split-dose recovery was detected between 
these cells and their E2-stimulated counterparts. 
The similarity in response observed for the two 
treatment groups following split-dose irradiation 
and the reported difference in survival at low doses 
would appear to be somewhat contradictory. Judg- 
ing from the response curves presented, larger re- 
covery ratios would be expected of the TAM-treat- 
ed cells. However, similar recovery ratios were 
measured, suggesting that E2-stimulated and TAM- 
inhibited cells have quite similar radiosensitivities. 
In fact, the authors do conclude that the difference 
in radiosensitivity between the two groups of cells is 
so small as to be of questionable biological signif- 
icance. Despite other inherent differences, in this 
regard our two studies do not disagree. 

Our results are also consistent with similar stud- 
ies with thyroid epithelial cells in culture [19] and 
proliferating or quiescent rat mammary epithelial 
cells hormonally manipulated in vivo prior to irra- 
diation [18]. In both these other studies, prolifera- 
tion-inhibiting hormonal manipulations failed to al- 
ter the radiosensitivity of the target cell popula- 
tions. Collectively these data can be interpreted as 
suggesting that inhibition of proliferation per se 
does not necessarily lead to altered radio-respon- 
siveness. In this regard, it is interesting that Wazer 
and colleagues recently reported that inhibition of 
proliferation induced in MCF-7 cells by incubation 
with high concentrations of E 2 likewise does not al- 
ter radiosensitivity [21]. 

These results have specific implications not only 
for the combined use of TAM and fractionated radi- 
ation for the treatment of breast cancer, but also for 
the potential application of cytostatic agents to re- 
duce repopulation during radiotherapy in general. 
In so far as the in vitro data with MCF-7 cells main- 
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rained under hormonally defined growth condi- 

tions can be extrapolated to the clinical situation, 

admittedly a risky exercise, no alteration in respon- 

siveness would be expected following TAM expo- 

sure. Although no clinical trials have been designed 

to specifically address the effect of concurrent TAM 

on response to conventional radiotherapy, results 

from clinical trials which included treatment arms 

with and without TAM suggest that no deleterious 

consequences accompanied TAM treatment [22- 

24]. There is, therefore, no compelling evidence to 
suggest that TAM administration during radiother- 

apy is contraindicated. 

The use of cytostatic agents to inhibit tumor cell 

proliferation during a course of radiotherapy has 

been suggested as an approach to minimize the im- 
pact of repopulation occurring during treatment 

[25]. However, simple calculations reveal that the 

potential benefit of this strategy would be easily ne- 

gated if the agent(s) being used also decreased ra- 
diosensitivity, even modestly. Since it is generally 

believed that inhibition of proliferation would re- 

sult in increased radioresistance, the wisdom of this 
approach has been challenged. However, the cur- 

rent study, as well as several others, indicate that de- 
creased radiosensitivity and reduced proliferative 

status are not necessarily linked. Therefore, even 

though reducing proliferation rate is not likely to 

offer any benefit for the treatment of human breast 

cancer because of the normally slow proliferation 

rates typical of these tumors [26], the 4OH-TAM/ 

radiation experiments reported here suggest that 
this approach may be feasible for rapidly proliferat- 

ing tumors, such as head and neck malignancies, if 

effective cytostatic agents can be identified. 

In conclusion, the active metabolite of TAM, 

4OH-TAM, did not significantly alter the radiation 

sensitivity of MCF-7 cells maintained in vitro under 
hormonally-defined conditions. These results sug- 

gest that inhibition of proliferation by select cytos- 
tatic agents may not be accompanied by increased 

radioresistance, thereby establishing the feasibility 

of using these agents to inhibit cellular repopula- 
tion in rapidly proliferating tumors during the 
course of fractionated radiotherapy. 
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