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Summary

Purpose. Estrogen receptor alpha (ERa) plays a major role in breast cancer development. It acts as ligand-inducible
transcription factor which determines growth, survival and differentiation of breast cancer cells. The aim of this
study is to evaluate the potential interference between radiotherapy and estrogen receptor responsiveness.

Materials and methods. The effect of ionizing radiation was assessed on the estrogen receptor alpha status,
growth (proliferation and apoptosis) and sensitivity of MCF-7 breast cancer cells to estrogenic (17-estradiol (E,)),
selective estrogen receptor modulator (SERM) and anti-estrogenic compounds.

Results. We have observed a ligand-independent decrease in ERa expression after radiation, resulting from a
specific reduction in mRNA level and protein synthesis. This ERa disappearance occurred 72 h post-irradiation at
8 Gy and decreased the transcriptional activity in ERa of these cells. On the other hand, E, impedes the growth
inhibitory effects (essentially on proliferation) of ionizing radiation in MCF-7 cells, which potentially decreases
radiosensitivity of these cells. This effect was totally blocked by SERM and anti-estrogenic treatments. Moreover,
this growth effect of concurrent anti-estrogenic drugs and ionizing radiation appeared to be strongly synergistic

Conclusions. This study may increase general comprehension of ERo modulation by radiotherapy and improve

adjuvant therapeutic approaches based on co-administration of radiation and endocrine therapy.

Introduction

Breast cancer is the most common cancer affecting
women in Europe and the USA: 12.5% of women will
develop breast cancer during their life [1]. More than
300,000 new cases are diagnosed every year in Europe
[2]. According to the American Cancer Society,
216,000 new cases should be observed in 2004 in the
USA (www.cancer.org), with an incidence increasing
steadily.

A majority (70%) of breast tumors express the alpha
subtype of the estrogen receptor (ERw) [3] and ER«
status is used as a predictive factor for hormone therapy.
ERa-positive tumors have a 60—80% overall response
rate to the SERMs (i.e. tamoxifen) [4]. The presence of
ERa is also associated with increased survival and
longer disease free intervals.

Primary treatment is normally breast-conserving
surgery or mastectomy, in association with axillary’s
surgery and radiation therapy. Numerous prospective
and retrospective trials demonstrated that a breast
conserving surgery, consisting of segmental mastec-
tomy with or without axillary’s lymph node dissection,
is equivalent to mastectomy in terms of overall and

disease free survivals for patients with early stage
breast carcinoma. Radiotherapy prevents local recur-
rence of breast cancer after breast-conserving surgery
[5-7]. Both hormone therapy and adjuvant radiother-
apy remain major treatments to manage early breast
cancer [4]. Recently, the clinical advantage of con-
comitant hormonotherapy/radiotherapy in terms of
efficacy has been suggested [8].

Until now, no rational clinical attitude has been
proposed regarding the combination of hormone and
adjuvant therapy. Biological explanation from in vitro
studies do not provide any suggestion due to the large
variety of investigated experimental conditions [9]. The
potential impact of radiation on the ERa level and
associated transcriptional activity is not established. In
this regard, we reported in a previous study a de-
creased of estrogen binding ability in MCF-7 breast
cancer cells irradiated at time of plating [10]. In the
present paper, we further analyzed the impact of
ionizing radiation on estrogen receptor expression and
associated transcriptional activity under standard cell
growth condition (i.e. exponential cell growth). The
ligand-induced cell growth modulation was also as-
sessed.
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Materials and methods

Chemicals

L-[**S]-methionine (>1000 Ci/mmol), [*H]-E, (88 Ci/
mmol), [*’P]-dCTP were purchased from Amersham
Biosciences (Buckinghamshire, UK). E,, 4-hydroxytam-
oxifen (4-OH-TAM), PMSF (phenylmethylsulfonyl
fluoride), TPCK (tosyl-L-phenylalanine-chloromethylk-
etone) and agarose-bound anti-rabbit IgG antibody were
from Sigma (St Louis, MO) whereas ICI 182, 780 was
provided by Tocris (Illkirch, France). F-10 mouse
monoclonal anti-human ERo antibody raised against F
domain, D-12 mouse monoclonal anti-human ERo anti-
body raised against a recombinant protein corresponding
to amino acids 2-185 mapping at the A/B domain of ERa,
and HC-20 rabbit polyclonal anti-human ERa antibody
raised against F domain were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). BCA protein assay Kkit,
peroxidase-labeled goat anti-mouse IgG antibody was
obtained from Pierce (Rockford, IL).

Cell culture

MCEF-7 cells were routinely grown in basal EMEM
medium supplemented with 10% inactivated FCS (fetal
calf serum), 100 Ul/ml streptomycin and 100 pg/ml
penicillin. For experiments, cells were cultured in basal
EMEM medium without phenol red and supplemented
with 10% inactivated and charcoal-dextran stripped
FCS.

Determination of the cytotoxic effects

MCEF-7 cells were seeded in 96-well microtitration plates
(1000 cells/well) to maintain cell growth during the
whole duration of the experiment. Forty-eight hours
later, cells were exposed to single agent (E,; ICI 182,780;
4-OH-TAM); concentration ranges were as follows:
1 nM <[E,;] <100 nM, 1 uM<[ICI 182,780]< 100 uM
and 1 uM <[4-OH-TAM] <100 pM.

Irradiation was performed, at room temperature,
48 h after plating using high energy photons from a
linear accelerator 18 MV (Clinac, Varian Medical
Systems) with 4 Gy/min. Medium was removed and
replaced by fresh medium at time of irradiation. Dose
effect curves were established using a total of 7 doses:
0.5,1,3,5,8, 10, 15 Gy. Cells were maintained in basal
EMEM supplemented with 10% inactivated and
charcoal-dextran stripped FCS during all radiation
exposures.

At the end of the experiments, cells were gently
washed once with PBS, fixed with 1% glutaraldehyde/
PBS (15 min, 20 °C) and stained with 0.1% crystal violet
(w/v in ddH»0) (30 min, 20 °C). Excess of crystal violet
dye was then removed by three washes of running tap
water (15 min, 20 °C) and cells were lysed with 0.2%
Triton X-100 (v/v in ddH,O) (90 min, 20 °C, under
agitation). The absorbance was measured at 550 nm

using Microplate Autoreader EL309

Instruments).

(BIO-TEK

Assessment of the effect of compounds combinations
and|or radiation by isobolographic method for drug
associations ICI 182,780 or 4-OH-TAM and/or E, in
combination with y-ray irradiation

Dose-response interactions between ICI 182,780 or
4-OH-TAM and/or E, in combination with ionizing
radiations at 30, 50 and 75% cell growth inhibition
((IC30), (IC50) and (IC75)) were evaluated using crystal
violet dye and results were analyzed by the classical
isobolographic method described by Steel and Peckham
[11]. The theoretical basis and procedure of the isobo-
logram method have been described in details [12]. For a
given level of efficacy (% survival) an ‘envelope of
additivity’ curve was calculated from the dose effect
curves of each compound (or drug combination) and
from the dose effect curves of ionizing radiations (three
doses). The coordinates of the experimental point are
the drug concentration and the radiation dose which,
when combined, give the level of efficacy. If the experi-
mental point falls above, beyond or under the limits of
the envelope of additivity, compounds and radiation
combination give rise to antagonistic (Ant), additive (+)
or synergistic (Syn) effects, respectively.

Cell cycle analysis

MCF-7 cells were maintained 48 h in estrogen-free
medium before treatment. At the end of the experiment
cells were trypsinized and washed twice with PBS. Cells
were mixed thoroughly and stained using Coulter DNA-
Prep reagent kit (Beckman Coulter, FL). Briefly, cells
were resuspended in 50 pl of reagent A (15s, 20 °C,
under vortex agitation) and incubated in staining solu-
tion (950 pl of reagent B). After incubation (2 h, 4 °C,
dark) cell cycle was analyzed with a Beckman FACS
calibur analyzer and WinCycle software (Phoenix Flow
Systems, San Diego, CA).

Determination of apoptosis

Apoptosis was determined by Annexin V staining
(Biosource, Belgium). After treatment, cells were tryps-
inized and rinsed twice with PBS. Cell pellet was then
incubate in Annexin V binding buffer in presence of 5 ul
of Annexin V solution and 10 pl of Propidium iodide
solution (15 min, 20 °C, in the dark). Staining solution
was then discarded and replaced by Annexin V binding
buffer. Annexin V positive, Propidium iodide negative
cells (i.e. apoptotic cell) were detected by flow cytometry
analysis using coulter xI cytometer.

ER binding determination

ER binding was measured by whole cell binding assays
[13]. At the end of the treatment, cells were incubated
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Interaction between estrogen receptor alpha, ionizing radiation and (anti-) estrogens 3

with increasing concentrations of [*H]-E, (10™° M to
5% 107" M) with or without a 500-fold excess of
unlabeled E, (1 h at 37 °C). Cells were then washed
twice with PBS buffer, bound [*H]-E, was extracted in
250 pl ethanol (20 min, 20 °C) and radioactivity was
measured by scintillation counting. Results were ana-
lyzed by Scatchard plot and the binding capacity (Bmax)
was expressed in fmol/mg of protein (measured in cell
extracts by BCA protein assay kit, Pierce).

EIA measurement of ERo

Total cellular extracts were used for determination ER«
content. MCF-7 cells were plated in 175 cm? Pétri dishes.
At the end of the treatment, cells were washed twice in
Hank’s balance salt solution (HBSS), harvested by
incubation with 1 mM EDTA, pelted by centrifugation
(800 x g, 10 min, 4 °C) and washed twice in phosphate
buffer (10 mM K,HPO,, pH 7.4, 10 mM thioglycerol,
1.5 mM EDTA, 10% glycerol). Cells were then homog-
enized in phosphate buffer with a Teflon glass potter
and extracts were clarified by ultracentrifugation
(100,000 x g, 30 min, 4 °C). ERa amounts were mea-
sured by the Abbot Enzyme Immunoassay (ER-EIA),
according to the manufacturer’s instructions.

Western blots

Western blots were performed as previously described
[14]. Briefly, cell cultures were washed with TBS and lysed
for 30 min at 4 °C in lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, 1% Igepal, 0.1% SDS, 0.5% sodium
deoxycholate, 50 mM NaF, 0.6 mM PMSF, 0.1 mM
orthovanadate, 0.3 mM TPCK). Each sample (20 ug)
was then loaded onto 5% stacking/12% running SDS
polyacrylamide gel and transferred onto nitrocellulose
membrane. Blots were incubated with primary antibody
(1:1000 dilution, overnight, 4 °C). Detection was per-
formed using a goat anti-mouse secondary antibody
(1:2000 dilution, 1.5 h, room temperature) and an
Western Pico Detection system.

Assessment of ER turnover

MCE-7 cells were plated in 100 mm @ Pétri dishes
(2 x 10° cells per dish). At the end of the experiment,
cells were fed with MEM without L-methionine (2 h,
37 °C) and then exposed to 10 nM L-[**S]-methionine
(3 h, 37 °C). Five hundred micrograms of total protein
extracts were submitted to immunoprecipitation [14].
Briefly, pre-cleared samples were incubated with a ER
polyclonal antibody (HC-20, 2 pg, overnight, 4 °C) and
the ER-antibody complexes were precipitated by incu-
bation with an anti-rabbit agarose-bound IgG (45 pl,
2 h, 4°C); Denatured samples were submitted to
SDS-PAGE clectrophoresis (4% stacking/12% running).
Gels were then fixed (acetic acid 10%, methanol 40%,
distilled water 50%) (30 min, 20 °C) and washed with
distilled water (30 min, 20 °C). Radioactive signals were

amplified by salicylic acid solution (1 M salicylic acid,
40% ethanol in distilled water) (90 min, 20 °C). Finally,
gels were dried and submitted to fluorography to detect
radio-labeled ER bands (67 kDa) (3 days, —80 °C) with
hyperfilm MP (Amersham Biosciences, Buckingham-
shire, UK).

After labeling (as described above), cells were rinsed
twice and allowed to grow in fresh medium containing
unlabeled methionine for 0, 1, 2 or 3 h before harvesting
(chase experiments). Remaining [*°S]-labeled ERa were
quantified as describe above.

Northern blot analysis

Northern blot analysis was performed as previously
described [15]. At the end of the experiment, total RNA
was extracted with TriPure according to the instructions
of the manufacturer (Roche). Total RNA (15 ug) was
separated on a 1% agarose gel in 2.22% formaldehyde,
0.02 M 3-(N-morpholino) propane sulfonic acid (MOPS)
and 1| mM EDTA before transfer onto a nylon mem-
brane (Hybond-N, Amersham) and UV-cross linked.
Pre-hybridization (4 h) and hybridization (18 h) were
performed at 42 °C (at room temperature when using the
28S ribosomal oligonucleotide) in 50% formamide,
5 x SSPE (20 x SSPE = 0.2 M phosphate buffer (pH
7.4), 298 M NaCl, 0.02 M EDTA), 0.1% SDS, 10%
5 x Denhard, 5% dextran sulfate, and 100 pg/ml sheared
salmon sperm DNA. Hybridized membranes with TFF1
cDNA probe (probe was obtained from American Type
Culture Collection) were washed twice at room temper-
ature in 2 X SSC (I x SSC: 0.15 M NaCl and 15 mM
sodium citrate, pH 7.0), 0.1% SDS, followed by three
washes in 1 X SSC 0.1% SDS at 65 °C. The filters
hybridized with the 28S ribosomal RNA oligonucleotide
probe (Clontech) were washed only at room temperature
in2 x SSC 0.1% SDS. To account for variations in RNA
loading, TFF1 values were normalized to 28S rRNA
values. All membranes were exposed in autoradiography
for various periods of time to ensure that only signals
obtained in the linear range of film sensitivity were
quantified. To rehybridize filters, former probes were first
removed by incubating the membranes in pure water at
85 °C.

NASBA analysis

NASBA analyses were kindly performed by BioMérieux
(Lyon, France). Briefly, 5 ng of RNA was added to
10 ul of NASBA buffer (final concentration in 20 pl
reaction mixture: 40 mM Tris HCIL, pH 8.5, 12 mM
MgCl,, 70 mM KCIl, 5 mM dithiothreitol, 15% v/v
DMSO, 1 mM of each dNTP, 2 mM of each NTP,
0.2 uM of ESR1 primers, 0.2 uM of PPIB primers and
0.1 uM of each gene specific molecular beacon), pre-
incubated at 65 °C for 2 min, followed by 2 min at
41 °C. Five pul of enzyme mix (0.08 U RNase H, 32 U
T7-RNA polymerase, 6.4 U RT) was then added to start
the RNA amplification, and incubated at 41 °C for
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90 min. ESR1 mRNA levels were normalized to PPIB
mRNA levels. The GenBank accession numbers were
X03635 for ESR1 and M60857 for PPIB.

Statistical analysis

Differences between the mean values were evaluated using
either one-way ANOVA with Tukey’s test or one-way
ANOVA on ranks with Dunnetts’ or Student—Newman—
Keuls test, according to data distribution. p = 0.05 was
considered as statistically significant. All analyses were
carried out with the SPSS software (Paris, France).

Results
Impact of ionizing radiation on ERo. content

Effect of radiation on [*H]-E, binding parameters in
MCEF-7 cells (Bnax, Kd) was analyzed by Scatchard plot
(Figure 1a). A time-dependent decrease of binding
capacity (Bmax) Was recorded in cells exposed to 8 Gy
while B, remained constant in non-irradiated cells.

Figure 1. Effects of 8 Gy on the ER binding site content (By,x) and
ERu expression. (a) Cells were irradiated 24, 48, 72, 96 h prior deter-
mination of ER binding site constant (Byax). Bmax Were obtained from
Scatchard plot analysis and were expressed in % of control (=non-
irradiated cells at time 0, B.x = 526 £+ 37 fmol/mg of proteins). Data
refer to the mean value of three independent experiments performed in
duplicate. Statistical significance of data was calculated by student ¢-test
(irradiated versus non-irradiated sample for each experimental condi-
tion), *p < 0.05. (b) Cells were cultured up to 96 h after irradiation and
whole cell ERo content was measured by EIA. Results were
expressed in % of control (= non-irradiated cells at time 0, con-
trol = 575 £ 25.4 fmol/mg of proteins). Data refer to the mean value
of three independent experiments performed in duplicate. Statistical
significance of data was calculated by student z-test (irradiated versus
non-irradiated sample for each experimental condition), *p < 0.05.

This inhibition became detectable 72 h after irradiation
and reached 50% after 96 h. No statistically significant
modification of B, was observed for lower doses
(3 and 5 Gy) (data not shown). Radiation did not affect
the Kd value along the experiment, which remained
around 1 nM indicating no change of the binding
affinity of the remaining receptor for the hormone.

Influence of radiation on ERo content was then eval-
uated by EIA (Figure 1b) and Western blot (Figure 2) at
the most efficient y-rays dose of 8 Gy. EIA values indi-
cated an ER loss (30% at 72 h and 50% at 96 h post-
radiation, p = 0.01 and 0.00001, respectively) which was
confirmed by Western blot analyses using F-10 antibody
(raised against N-terminal domain of ER«). Indeed,
densitometric quantification of the ERa (67 kDa) gave
similar results as EIA quantification (significant decrease
at 72 and 96 h with p = 0.001 and 0.001, respectively;
Figure 2). Same results were obtained using antibody
raised against C-terminal domain (D12 antibody) (data
not shown), excluding the possibility of protein cleavage.
Altogether our results indicated that 8 Gy radiation
decreases ERa protein level in MCF-7 cells.

lonizing radiation decreases ERo. synthesis

In order to determine whether the 8 Gy radiation
induced ERu loss was due to an inhibition of its syn-
thesis or an accelerated degradation, receptor turn over
rate was quantified by a [*>S]-methionine labeling

w/o irradiation 8 Gy

(a) 24 48 72 96 24 48 72 96 Hours
ERa

r— ——

Actin el S SRS S ——.

=

—_—
i
N
(=]

[ wioirradiation
100 —[— + B S Gy

80 *

60

40

20

ERa level
(% of control at 24 hours)

24 48 72 96 24 48 72 96 Hours

Figure 2. Western blot analysis of ionizing radiations on the ERo
expression in MCF-7 cells. (a) ERo expression were detected 24-96 h
post-irradiation by Western blot. Immunoblotting were performed
using antibodies raised against Nt or Ct of ER« protein. Immunoblots
were representative of three independent experiments. Equal loading
was controlled by f-actin probe (see Materials and methods).
(b) Immunoblots were submitted to densitometry analysis using Bio-
Rad Quantityone Software. Results were representative of the three
independent immunoblot analyses and expressed as percentage of
control (non-irradiated cells at 24 h) corrected by actin value for each
lane. Statistical significance of data was calculated by student r-test
(irradiated versus non-irradiated sample for each experimental condi-
tion), *p < 0.05.
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method (Figure 3). Radiation provoked a slight
decrease of [*°S]-methionine ERo labeling (25%, 72 h
post-irradiation, p = 0.01), which was more pro-
nounced after 96 h (45%, p = 0.001). This ERa labeling
decrease was not abolished by a proteasome inhibitor
(100 M of MG-132, data not shown) suggesting that
radiation affected ERa synthesis rather than its degra-
dation by ubiquitin/proteasome pathway. In agreement
with this view, pulse-chase experiment performed on
[*°S]-methionine pre-labeled cells (Figure 4) failed to
show any faster elimination of the remaining labeled ER

(a) 72h 96 h
. < ’ o)
® ®
ERo —e—— —
(b) 120 [_] wio irradiation
I I 8 Gy
7100 { T
5 *
o
35 o
2
7% «
o
= 20
0
72 h 96 h

Figure 3. Effect of ionizing radiations on ERo protein synthesis in
MCEF-7 cells. 72 or 96 h prior irradiation, MCF-7 were incubated with
10 mM [**S]-methionine for 3 h. At the end of the incubation, cells
were lysed and immunoprecipitated ER was submitted to SDS-PAGE
electrophoresis and fluorography. (a) Representative fluorography. (b)
Densitometry analysis of three independent fluorography. Statistical
significance of data was calculated by student z-test (irradiated versus
non-irradiated sample for each experimental condition), *p < 0.05.

(a) w/o irradiation 8 Gy
96 +1 +2 +3 96 +1 +2 +3 Hours
ERy M e
(b) 120 -
& _]_ [ 1 wio irradiation
E 100 .
?,3 80
j—i‘—ﬁé 60
75 w
:2 20
R 1

96 +1 42 +3 96 +1 42 +3 Hours

Figure 4. Effect of ionizing radiations on ERa protein degradation in
MCEF-7 cells. 72 or 96 h prior irradiation, MCF-7 were incubated with
10 mM [*S]-methionine for 3 h. At the end of the incubation, cells
were rinsed twice with non-radioactive medium and allowed to grow.
Cells were then lysed and immunoprecipitated ER was submitted to
SDS-PAGE electrophoresis and fluorography after 1, 2 or 3 h.
(a) Representative fluorography. (b) Densitometry analysis of three
independent fluorography. Statistical significance of data was calcu-
lated by ANOVA one way (irradiated and non-irradiated sample for
each experimental condition), *p < 0.05.

after irradiation (maintenance of a 3 h period for the
nearly total elimination of the receptor).

We next examined the effect of ionizing radiations on
ERo mRNA expression by NASBA analysis (Figure 5).
While no significant modification in ERe mRNA amount
was observed at 72 h, 8 Gy induced a 50% decrease of
ERo mRNA at 96 h as compared to non-irradiated cells
(control), confirming that ionizing radiation affects ER«
production.

Ionizing radiation fails to affect ERo transcriptional
activity of the remaining receptor

Expression of TFF1 (pS2) (ERw« reporter gene) was
measured to evaluate the potential impact of ionizing
radiation on its transcriptional activity. A slight increase
of TFF1 mRNA levels was detected in basal conditions
both at 72 and 96 h post-irradiation as already reported
by Balcer-Kubiczek et al. [16]. A decrease of E,-induced
TFFI1 level at 96 h closely related to the radiation
induced ERa loss was also found, indicating that radi-
ation did not modify transcriptional activity of the
remaining receptors (Figure 6).

lonizing radiation decreases E-induced cell growth

Potential impact of radiation on cell growth response to
E2, 4-OH-TAM and ICI 182,780 was evaluated.
As shown in Figure 7, 96 h post-irradiation, E,-induced
cell growth was significantly decreased by 33, 45 and 66%
at 3, 5 and 8 Gy respectively. Moreover, growth rate of
such E,-exposed cells over passed the basal growth rate
in irradiated cells, indicating that the hormone rescued
cell growth. This growth rescuing action was abrogated
by SERM or pure anti-estrogen (4-OH-TAM, ICI
182,780; at 100 nM) suggesting that it was relevant to a
regulatory mechanism involving ER. The irradiation did
not affect the growth inhibition by 4-OH-TAM or ICI
182,780 when tested alone (Figure 7). Interestingly,
the protective effect of 17-f-estradiol seems to be

i .
R HFf A - —O.

o’ |

Figure 5. Effect of ionizing radiations on ER¢ mRNA amount. ER«
mRNA levels were evaluated by NASBA after 72 or 96 h post-irra-
diation. Results were representative of the two independent analyses
and expressed as percentage of control (non-irradiated cells) corrected
by PPIB mRNA amount for each sample. Statistical significance of
data was calculated by student -test (irradiated versus non-irradiated
sample for each experimental condition), *p < 0.05.
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72 h
E,10™M

(a) 03580358 Gy
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Figure 6. Effect of ionizing radiations on expression of TFF1. MCF-7 cells were cultured for 8 h without or with 107'® M of E, prior to the end
of experiments (72 or 96 h post-irradiation). (a) Basal rate and E,-induced level were evaluated by Northern blot. The 28S levels are shown as
internal control. Results representative of two independent experiments. (b) Results from densitometry analysis of the data shown in ‘a’

(normalized by the 28S RNA value).

maintained, even 10 days post-irradiation as measured
in clonogenic assay. Indeed, at 8 Gy, MCF-7 cells were
only able to grown in colonies in presence of 0.1 nM
17-p-estradiol; at lower irradiation doses, the hormone
increased the number of colonies (data not shown).

The combination index (CI) at 30, 50 and 75% cell
lethality are given in Table 1. Combination of ionizing
radiations and E, conferred a strong antagonistic effect,
while combinations with 4-OH-TAM and ICI 182,780
gave more often additive effects for 3 and 5 Gy and
synergistic effects for 8 Gy.

17-B-estradiol impedes radiation cell cycle blockade

The effects of E, in cell cycle progression and apoptosis
induction were determined after 8 Gy y-rays exposure.
As shown in Figure 8, radiation increased the percent-
age of cells in GO/G1 and G2/M after 48 h, indicating a
cell cycle blockade in GO/G1 and G2/M phase as pre-
viously described [17]. 17-f-estradiol abrogated cell cy-
cle blockade. Moreover, it still allowed cell cycle
progression but to a lower extend than in non-irradiated
cells. No significant modification of apoptosis induction
under ionizing radiation was recorded both in the
absence or presence of E, (Table 2); confirming the lack
of potential correlation between radiosensitivity and
apoptosis induction [17,18].

Discussion

The data reported here reveals two major findings: (1)
8 Gy-ionizing radiation induces a decrease of ERu
synthesis but has no impact on receptor functions in
MCEF-7 breast cancer cells. Residual receptors seem to
be unaffected, leading to the maintenance of a cell sen-
sitivity to (anti)-estrogenic stimulation. (2) 17-f-estra-
diol may impede the cell growth inhibitory effect of
8 Gy-ionizing radiation.

Previous studies have revealed a loss of estrogen
binding capacity without evidence of ER loss [9]. Dif-
ference in experimental protocols (i.e. radiation after
plating (previous) versus during exponential growth
phase (present)) may explain this partial discrepancy.
Potential reasons for ER loss are multiple. lonizing
radiations are essentially characterized by DNA lesions
which activate ATM/BRCAI1 reparation pathways. In-
deed, ATM and BRCALI act as sensors of genetic alter-
ations and activate downstream targets, like P53 and
p21™afl/eiPl - responsible of the cell cycle arrest in G0/G1
or G2/M phases [17]. Changes in these transduction
pathways interfere with ERa expression and/or activa-
tion providing possible explanation of our data. Thus,
BRCAL is a major co-repressor of ERa transcriptional
activity. It may act by decreasing ERo binding to its
target promoters and/or also inhibit transcriptional
activity of ERE (estrogen response element) bound
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Figure 7. Effect of ionizing radiations on MCF-7 cell growth induced by E,. Cells were irradiated (3, 5, 8 Gy) and subsequently maintained in
culture for 96 h either in the absence or presence of estrogenic or/and anti-estrogenic ligands (E, at 0.1 nM, 4-OH-Tam at 100 nM, ICI 182,780 at
100 nM). Non-irradiated cells were cultured in parallel. Growth was estimated by crystal violet staining each day after irradiation. Results were
expressed as a relative cell growth. Cell number at the time of irradiation was arbitrary defined as 1. Results are representative of three
independent experiments performed at least six times.

431 receptor [19]. The decrease of ERo expression and exclude BRCAIl-related effects. On the other hand, 433
432  activity are late events occurring after the cell cycle arrest Angeloni et al. [20] recently demonstrated that p53 434
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Table 1. Results of isobolographic analyses of ionizing radiation
estrogenic or anti-estrogenic drug interactions on MCF-7 cell line

Combined chemotherapy Ry Gy30% surv50% surv75% survMean

ICI 182780 3 Syn Syn + Syn
5 Syn + + Syn
8 + Syn Syn Syn
4-OH-TAM 3 + + + +
5 Syn Syn + Syn
8 Syn Syn Syn Syn
E, 3 Ant Ant Ant Ant
5 Ant Ant Ant Ant
8 Ant Ant Ant Ant
E, + ICI 182780 3 + + Syn +
5 Syn + Syn Syn
8 Syn Syn Syn Syn
E, + 4-OH-TAM 3 + + Syn +
5 + + Syn +
8 Syn Syn Syn Syn

Isobolographic interpretation at 30, 50 and 75% growth inhibition
(results from three separate experiments). Mean were calculated from
isobolographic values achieved at 1C30, 1C40, IC50, IC60 and IC75.
Syn = synergistic effect; ant = antagonistic effect; + = additive
effects; surv = survival.

activation leads to a decrease of ER« expression in breast
cancer cells, suggesting a potential implication of this
protein.

ERo loss may also be a consequence of the cell
cycle arrest. ERa expression in breast cancer cells
MCF-7 is indeed dependent of cell cycle progression.

Jakesz et al. [13] first revealed that GI1 cell arrest
decreases ERa content. Recently, de Graffenried et al.
[21] demonstrated that ERa expression is dependent of
SP1, a transcription factor tightly regulated during cell
cycle progression. On the other hand, cell cycle key
proteins are under control of ubiquitin-like proteins
which modulate their proteosomal degradation.
Interestingly, level and activity of ERo and associated
regulatory proteins are dependent of ubiquitin-like
degradation pathways [22]. Thus, neddylation (a deg-
radation pathway involved in cell cycle progression)
also targets ERo and SRC-1 (ERa co-activator) to
inhibit their activities. However, as shown in the
present study, radiation-induced ERo decrease is due
to a progressive arrest of its synthesis rather than to
an enhancement of proteasomal degradation (MG-132
did not abrogate its loss) which seems to reject the
implication of proteasome in radiation-induced ER
loss.

It should be stressed that ionizing radiation inhibits
Es-induced cell growth independently of its ability to
decrease ERo content since growth inhibition occurs
largely before ER loss. Nevertheless, E, induced cell
growth remains specific to ERa activation since they are
totally blocked by SERM and anti-estrogens. Actually,
ionizing radiation may interfere with E,-induced cell
growth by influencing E,-dependent pathways such
membrane signaling pathways or P53/P21WaF1/CiPl s
[23,224]. Our results do not allow to conclude upon the
potential implication of these cross-talks and further
investigations are needed.
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Figure 8. Effect of E; on cell cycle in MCF-7 cells. Cells were irradiated at 8 Gy and subsequently maintained in culture up to 96 h. Cell cycle was
determined each day after radiation exposure by flow cytometry analysis. Results are representative of three independent experiments.
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Table 2. Apoptosis determination in MCF-7 breast cancer cells

0Oh 24 h 48 h 72 h 96 h
Non-irradiated - 212 £1.15 2.51 £ 1.54 1.18 £ 0.76 0.70 £ 0.17 1.67 £ 0.14
E, - 3.55 £ 279 0.81 £ 0.69 0.21 £ 0.03 242 £ 0.19
8 Gy - - 2.56 + 0.65 0.68 + 0.50 0.57 £ 0.19 2.16 £ 0.73
E, - 423 + 1.11 0.78 £ 0.72 0.33 £ 0.12 3.34 £ 2.56

Percent of annexin V positive, propidium iodide negative cells (i.e. % of apoptotic cells) were detected by flow cytometry analysis. E,: 17f-
estradiol (1 x 107'° M). Results are mean value of three independent experiments.

As compared to other experimental studies (reviewed
in Schmilberger et al. [9]), our observations may be of
clinical relevance. Association of SERM or anti-estro-
gen therapy before and concurrently to radiation may
obviously block the effect of natural estrogen produc-
tion; as a consequence, it may partially reduce the
impact of a potential estrogen-associated radio-resis-
tance. Clinical studies describing the sequence of endo-
crine therapy as tamoxifen or aromatase inhibitors and
radiotherapy (concurrent versus sequential) are still
rare, stressing the importance of our investigations. In
retrospective studies with breast conservation in early
stage breast cancer, Pierce et al. [25] and Christensen et
al. [26] described that efficacy was not affected by the
sequence of administration of tamoxifen and radio-
therapy. In agreement with our experimental observa-
tions, the NASBP-B14 trial shows a significant decrease
of breast relapse at 5 years with concomitant TAM
treatment. On the other hand, results about toxicities
are still closed up in debate but recent studies clearly
demonstrated that toxic side effects are patient spe-
cific [8]. Furthermore concomitant treatment with
pentoxifylline and alpha tocopherol treatment may
avoid this toxic effects [27], raising the importance to
pursue such investigations.

Acknowledgements

This work was supported by grants from ‘Fondation
Medic’, ‘les Amis de I'Institut Bordet’. R.-A. Toillon and
L. Lagneaux are granted by the ‘Fonds National de la
Recherche Scientifique’. NASBA analyses were kindly
realized by Drs B. Mougin and T. Verjat (Laboratoires
bioMérieux, Lyon, France). We also thank Mrs N. Jouy
for flow cytometry analysis (IFR 114, Lille, France) and
J. Richard for her secretarial assistance.

References

1. Jemal A, Thomas A, Murray T, Thun M: Cancer statistics, 2002.

508 CA Cancer J Clin 52: 23-47, 2002

2. Ferlay J, Bray F, Pisani P, Parkin DM: GLOBOCAN 2000:

510  Cancer incidence, mortality and prevalence worldwide, version 1.0.
511 IARC CancerBase n 5: IARC Press 2001

3. Lacroix M, Leclercq G: Relevance of breast cancer cell lines as

513 models for breast tumours: an update. Breast Cancer Res Treat 83:
514

4. Fisher B, Bryant J, Dignam JJ, Wickerham DL, Mamounas EP,
Fisher ER, Margolese RG, Nesbitt L, Paik S, Pisansky TM,
Wolmark N: National Surgical Adjuvant Breast and Bowel Pro-
ject: tamoxifen, radiation therapy, or both for prevention of ipsi-
lateral breast tumor recurrence after lumpectomy in women with
invasive breast cancers of one centimeter or less. J Clin Oncol
20(20): 4141-4149, 2002

5. Del Moral R, Lopez ME, Nunez MI, Oliver FJ, Valenzuela MT,
Villalobos M, de Ruiz Almodovar JM: Interactions between
radiotherapy and endocrine therapy in breast cancer. Endocr Relat
Cancer 9: 197-205, 2002

6. Veronesi U, Cascinelli N, Mariani L, Greco M, Saccozzi R, Luini A,
Aguilar M, Marubini E: Twenty-year follow-up of a randomized
study comparing breast-conserving surgery with radical mastectomy
for early breast cancer. N Engl J Med 347(16): 1227-1232, 2002

7. Punglia RS, Kuntz KM, Lee JH, Recht A: Radiation therapy plus
tamoxifen alone after breast-conserving surgery in postmeno-
pausal women with stage I breast cancer: a decision analysis. J Clin
Oncol 15: 2260-2267, 2003

8. Azria D, Gourgou S, Sozzi WJ, Zouhair A, Mirimanoff RO,
Kramar A, Lemanski C, Dubois JB, Romieu G, Pelegrin A,
Ozsahin M: Concomitant use of tamoxifen with radiotherapy
enhances subcutaneous breast fibrosis in hypersensitive patients.
Br J Cancer 91(7): 1251-1260, 2004

9. Schmidberger H, Hermann RM, Hess CF, Emons G: Interactions
between radiation and endocrine therapy in breast cancer. Endocr
Relat Cancer 10: 375-388, 2003

10. Devriendt D, Ma Y, Kinnaert E, Journe F, Seo HS, Houtte PVan,
Leclercq G: Effect of low dose irradiation on estrogen receptor
level in MCF-7 breast cancer cells. Int J Cancer (Radiat Oncol
Invest) 96: 32-40, 2001

11. Steel G, Peckham MJ: Exploitable mechanisms in combined
radiotherapy-chemotherapy: the concept of additivity. Int J Radiat
Oncol Biol Phys 5: 85-93, 1979

12. Kano Y, Ohnuma T, Okano T, Holland JF: Effects of vincristine
in combination with methotrexate and other antitumor agents in
human acute lymphoblastic leukemia cells in culture. Cancer Res
48: 351-356, 1988

13. Jakesz R, Smith CA, Aitken S, Huff K, Schuette W, Shackney S,
Lippman M: Influence of cell proliferation and cell cycle phase on
expression of estrogen receptor in MCF-7 breast cancer cells.
Cancer Res 44: 619-625, 1984

14. Laios I, Journe F, Laurent G, Nonclercq D, Toillon RA, Seo HS,
Leclercq G: Mechanisms governing the accumulation of estrogen
receptor alpha in MCF-7 breast cancer cells treated with hydroxy-
tamoxifen and related antiestrogens. J Steroid Biochem Mol Biol
87: 207-221, 2003

15. Rivas A, Lacroix M, Olea-Serrano F, Laios I, Leclercq G, Olea N:
Estrogenic effect of a series of bisphenol analogues on gene and
protein expression in MCF-7 breast cancer cells. J Steroid Biochem
Mol Biol 82: 45-53, 2002

16. Balcer-Kubiczek EK, Harrison GH, Xu JF, Gutierrez PL: Coor-
dinate late expression of trefoil peptide genes (pS2/TFF1 and ITF/
TFF3) in human breast, colon, and gastric tumor cells exposed to
X-rays. Mol Cancer Ther 1: 405-415, 2000

17. Essmann F, Engels IH, Tozke G, Schulze-Osthoff K, Janicke RU:
Apoptosis resistance of MCF-7 breast carcinoma cells to ionizing

249-289, 2004
Journal : BREA
m CMSNo. : DO00015148
™ MS Code : BREA 773R1

Dispatch : 12-5-2005 Pages: 10
O LE 0 TYPESET
W cP ® DISK

515
516
517
518
519
520
521

522
523
524
525

526
527
528
529

530
531
532
533

534
535
536
537
538

539
540
541

542
543
544
545

546
547
548

549
550
551
552

553
554
555
556

557
558
559
560
561

562
563
564
565

566
567
568
569

570
571



10

572
573
574
575 18.
576
577 19.
578
579 20.
580
581
582
583  21.
584
585
586  22.
587
588
589
590
591 23.
592
593
594

R-A Toillon et al.

radiation is independent of p53 and cell cycle control but caused by
the lack of caspase-3 and a caffeine-inhibitable event. Cancer Res
64: 70657072, 2004

Pawlik T, Keyomarsi K: Role of cell cycle in mediating sensitivity
to radiotherapy. Int J Radiat Oncol Biol Phys 59: 928-942, 2004
Rosen E, Fan S, Pestell R, Goldberg I: BRCAI in hormone-
responsive cancers. Trends Endocrinol Metab 14: 378-385, 2003
Angeloni SV, Martin MB, Garcia-Morales P, Castro-Galache
MD, Ferragut JA, Saceda M: Regulation of estrogen recep-
tor-alpha expression by the tumor suppressor gene p53 in MCF-7
cells. J Endocrinol 180(3): 497-504, 2004

De Graffenried LA, Hilsenbeck SG, Fuqua SA: Spl is essential for
estrogen receptor alpha gene transcription. J Steroid Biochem Mol
Biol 82: 7-18, 2002

Fan M, Bigsby RM, Nephew KP: The NEDDS pathway is
required for proteasome-mediated degradation of human estrogen
receptor (ER)-alpha and essential for the antiproliferative activity
of ICI 182,780 in ERalpha-positive breast cancer cells. Mol
Endocrinol 17: 356-365, 2003

Doisneau-Sixou SF, Sergio CM, Carroll JS, Hui R, Musgrove EA,
Sutherland RL: Estrogen and antiestrogen regulation of cell cycle
progression in breast cancer cells. Endocr Relat Cancer 10: 179—
186, 2003

24.

25.

26.

217.

Molinari AM, Bontempo P, Schiavone EM, Tortora V, Verdicchio
MA, Napolitano M, Nola E, Moncharmont B, Medici N, Nigro V,
Armetta I, Abbondanza C, Puca GA: Estradiol induces functional
inactivation of p53 by intracellular redistribution. Cancer Res 60:
2594-2597, 2000

Pierce LJ, Hutchins L, Green SJ, Lew D, Gralow J, Livingston
RB, Osborne K, Albain KS: Sequencing of tamoxifen (TAM) and
radiotherapy (RT) with breast conservation (BCT) in early stage
breast cancer. Proc Am Soc Clin Oncol 22: 39, 2003

Christensen VJ, Harris E, Hwang WT, Fox K, Solin L: The
impact of concurrent versus sequential tamoxifen and radiation
therapy in breast cancer patients. Proc Am Soc Clin Oncol 22:
40, 2003

Delanian S, Porcher R, Balla-Mekias S, Lefaix JL: Randomized,
placebo-controlled trial of combined pentoxifylline and tocopherol
for regression of superficial radiation-induced fibrosis. J Clin On-
col 21(13): 2545-2350, 2003

Address for offprints and correspondence: Nicolas Magné, Department
of Radiotherapy, Institut Jules Bordet, 121 Boulevard de Waterloo,
1000 Bruxelles, Belgium; Tel.: +32-2-541-3525; Fax: + 32-2-538-7542;
E-mail: nicolas_magne@hotmail.com

Journal : BREA
CMS No. : DO00015148
MS Code : BREA 773R1

§i)

Dispatch : 12-5-2005 Pages: 10
O LE 0 TYPESET
W cP ® DISK

595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

612
613
614
615



