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The optimal sequencing for hormonal therapy and radiation are yet to be determined. We utilized fulve-
strant, which is showing promise as an alternative to other agents in the clinical setting of hormonal ther-
apy, to assess the cellular effects of concomitant anti-estrogen therapy (fulvestrant) with radiation
(F + RT). This study was conducted to assess the effects of fulvestrant alone vs. F + RT on hormone-recep-
tor positive breast cancer to determine if any positive or negative combined effects exist. The effects of
F + RT on human breast cancer cells were assessed using MCF-7 clonogenic and tetrazolium salt colori-
metric (MTT) assays. The assays were irradiated with a dose of 0, 2, 4, 6 Gy # fulvestrant. The effects of
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Hormonal therapy F + RT vs. single adjuvant treatment alone on cell-cycle distribution were assessed using flow cytometry;
Sequencing relative expression of repair proteins (Ku70, Ku80, DNA-PKcs, Rad51) was assessed using Western Blot

analysis. Cell growth for radiation alone vs. F+RT was 0.885+0.013 vs. 0.622 +0.029 @2 Gy,
0.599 + 0.045 vs. 0.475 £ 0.054 @4 Gy, and 0.472 +0.021 vs. 0.380 +0.018 @6 Gy RT (p = 0.003). While
irradiation alone induced G2/M cell cycle arrest, the combination of F+RT induced cell redistribution
in the G1 phase and produced a significant decrease in the proportion of cells in G2 phase arrest and
in the S phase in breast cancer cells (p <0.01). Furthermore, levels of repair proteins DNA-PKcs and
Rad51 were significantly decreased in the cells treated with F+RT compared with irradiation alone.
F + RT leads to a decrease in the surviving fraction, increased cell cycle arrest, down regulating of nonho-
mologous repair protein DNA-PKcs and homologous recombination repair protein RAD51. Thus, our find-
ings suggest that F + RT increases breast cancer cell radiosensitivity compared with radiation alone. These
findings have salient implications for designing clinical trials using fulvestrant and radiation therapy.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction Current clinical practice guidelines recommend radiation be

delivered after adjuvant chemotherapy in the setting of breast-con-

Annually, the incidence of breast cancer is over 1,000,000 across
the globe with 400,000 deaths [1], making it the most common
malignancy of women worldwide. With early detection and im-
proved therapy options, breast cancer mortality appears to be
declining during the past few decades [2-4]. Treatment strategies
include local/regional management in addition to systemic treat-
ment with cytotoxic chemotherapy, endocrine therapy, biologic
therapy or combinations of these. The optimal sequencing of these
treatments remains an area of evolution.
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servation [5,6], but the optimal sequencing with adjuvant hormonal
therapy has only been partially determined. Two clinical studies
suggest a detrimental interaction of concomitant tamoxifen and
chemotherapy [7,8], with sequential treatment having significantly
improved disease-free survival and a trend towards improved sur-
vival compared to concomitant treatment. The optimal sequencing
of radiotherapy with endocrine therapy remains to be determined.
While an antagonistic effect of tamoxifen (TAM) and radiation (RT)
has been reported in several in vitro studies, these findings have not
been confirmed by laboratory or clinical data [9-11]. In this study,
we performed in vitro effects of Fulvestrant (ICI 182,780), the new-
est generation of endocrine therapy which blocks estrogen at the
receptor level and inhibits estrogen-stimulated cell division. Fulve-
strant has been found to be as effective as the third-generation aro-
matase inhibitors (Als) anastrozole and letrozole for advanced,
post-menopausal, tamoxifen-resistant breast cancer, and also ap-
pears to be effective after treatment with non-steroidal Als [12].
To date, there are no published data regarding the interaction of
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fulvestrant with RT. In the present in vitro study, the direct effects
of fulvestrant on radiated breast cancer cells and explored the
mechanisms of interaction.

2. Materials and methods
2.1. Cell culture

MCF-7 human breast cancer cells were obtained from the Amer-
ican Type Culture Collection (Rockville, MA, USA) and maintained
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco-BRL, Rock-
ville, IN, USA) with 100 U/ml penicillin, 100 pg/ml streptomycin
and 10% fetal bovine serum (FBS, Haoyang Biological Manufacture
Co. Ltd., Tianjin, China). The cells were grown as monolayers at
37°C in a humidified 5% CO, incubator with a phenol red-free
DMEM medium using 5% fetal bovine serum (HyClone, defined
grade, Logan, UT), which supported proliferation of MCF7 cells
with an efficacy similar to 30-60 p mol/L E2 [13,14]. Cells were
harvested using 0.5 g/l trypsin (Gibco Laboratories) and 0.2 g/l
EDTA (Gib-co Laboratories) for 3 min.

2.2. Reagents

Fulvestrant (Sigma Chemical Co., St. Louis, MO) was dissolved in
100% dimethyl sulfoxide (DMSO) to make stock concentrations.
HRP-labeled secondary antibodies (KPL, Gaithersburg, MD, USA),
antibodies against Ku70, Ku86, DNA-PKcs and Rad51 (Santa Cruz
Biotechnology, CA, USA), MTT (3-[4,5-dimethyl-2-yl]-2,5-diphenyl
tetrazoliu- m bromide) and anti-B-actin mouse monoclonal anti-
body (Sigma Chemical Co., St. Louis, MO) were utilized.

2.3. Cell proliferation assay

Cells were plated in 96-well culture plates at a concentration of
2000 cells/well (growth inhibition assay) for 24 h, then treated
with 0, 10, 100, 1000 nM concentrations of fulvestrant at 37 °C,
5% CO, for 2, 4, 6 days, respectively, with 20 pl MTT in each well.
Cells were incubated for another 4 h and 100 pl/well dimethylsulf-
oxide (DMSO, Sangon Biotech, Shanghai, China) was added to dis-
solve the formazan after removing the culture medium. The plates
were read at 490 nM using Microplate Reader (Bio-Rad, Hercules,
CA, USA). The culture medium was used for blank controls and cells
without reagents as negative controls.

2.4. Ionizing radiation treatment

MCF-7 cells were irradiated using a Faxitron Cabinet X-ray Sys-
tem (Faxitron X-ray Corp., Wheeling, IL, USA) at room temperature.
The X-rays were filtered through a 0.5 mM aluminum filter result-
ing in a dose rate of 0.4 Gy/min.

2.5. Effect of F + RT by clonogenic assay

The survival and proliferation potential of cells treated with ful-
vestrant and/or ionizing radiation were assessed by clonogenic as-
says. Initially, cells were treated with the vehicle control (DMSO)
or 100 nM fulvestrant for 4 days and then irradiated (0, 2, 4, or
6 Gy) at room temperature. Cells were trypsinized, suspended in
complete medium, counted and re-plated in 60-mM tissue culture
dishes allowing formation of macroscopic colonies. Serial dilutions
of irradiated cells were plated within 15 min after irradiation.
Plates were incubated at 37 °C for 14-21 days, fixed methanol-
fixed, Giemsa-stained, and colonies containing >50 cells were
counted. The surviving fraction after each X-ray dose (SFgose) Was
calculated based on the survival of non-irradiated cells treated

with the vehicle or fulvestrant, using Survival (S) after a radiation
dose (D) fit by a weighted, stratified, linear regression according to
the linear-quadratic formula S(D) = S(0)e‘~*P~PP2) where o and B
describe survival curve characteristics that classify cellular re-
sponse to radiation. To calculate o and B, an SPSS data file was cre-
ated for each radiation dose-survival curve separately (i.e.
tpretreatment) [15].

2.6. Effect of F + RT by MTT assay

Cells treated with vehicle control (DMSO) or 100 nM fulvestrant
for 4 days were irradiated at given doses, then trypsinized, sus-
pended in complete medium, and seeded into 96-well microtitra-
tion plates (200 pl per well) at a concentration of 2500-3000
cells/well. Cells were incubated for 6 days (37 °C, 5% CO, and
20 pl MTT) and then 4 h (DMSO 100 pul/well) to dissolve the forma-
zan after removing the culture medium. The plates were read at a
wavelength of 490 nM. Controls were as above.

2.7. Cell cycle analysis by flow cytometry

After treatment, cells were harvested with trypsin, washed with
PBS and then stained with buffer including 50 g/ml propidium io-
dide (Sigma, St. Louis, MO, USA), for 30 min at room temperature.
For fluorescence-activated cell sorting (FACS) analysis, data were
collected using a FACSCalibur (BD Bioscience, San Jose, CA, USA)
flow cytometer and analyzed by ModFit (Verty, Topsham, ME).
The cell-cycle distribution was evaluated by counting >20,000
cells/sample.

2.8. Western blot analysis

The primary antibodies that were utilized including Ku70, Ku80,
DNA-PKcs, Rad51 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA
USA) and B-actin (1:5000, Sigma-Aldrich, St. Louis, MO, USA) were
used. Cells were washed twice with cold phosphate-buffered saline
(PBS) and lysed on ice in RIPA buffer (1x PBS, 1% NP40, 0.1% so-
dium dodecyl sulfate (SDS), 5 mM EDTA, 0.5% sodium deoxycholate
and 1 mM sodium orthovanadate) with protease inhibitors and
quantified by BCA method [16]. Nuclear and cytosolic extracts
were prepared as per manufacturer’s protocol. Equal amount of
protein (50-80 pg) were separated by SDS polyacrylamide gel,
electrotransferred to polyvinylidene fluoride membranes (Immobi-
lonP; Millipore, Bedford, MA) and blocked in 5% nonfat dry milk in
Tris-bufferedsaline, pH 7.5 (100 mM NaCl, 50 mM Tris, 0.1%
Tween-20). Membranes were immunoblotted overnight at 4 °C
with anti-ku70 monoclonal antibody, anti-ku86 monoclonal anti-
body, anti-rad51 monoclonal antibody, anti DNA-PKcs monoclonal
antibody anti-beta- catenin and anti Bcl-2 monoclonal antibody,
followed by their respective horseradish peroxidase conjugated
secondary antibodies. Signals were detected by enhanced chemilu-
minescence. B-actin was used as the endogenous control.

2.9. Statistical analysis

Each portion of the experiment was repeated independently
three times. The data are presented as means + SD of the mean
and analyzed with SPSS 17.0 and Microsoft Excel software. Differ-
ences between individual groups were analyzed by paired t-test
and p values of <0.05 were considered statistically significant.
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3. Results
3.1. Effects of fulvestrant on cellular proliferatio

As shown in Fig. 1, in pre-treated breast cancer cells post-incu-
bation, fulvestrant exposure had a cytotoxic effect on breast cancer
cells in a time- and dose-dependent manner. The ICsq (concentra-
tion of fulvestrant inhibiting cell growth by 50%) were
824.1+29nM, 213.8+2.3nM, 129+1.1nM on 2, 4, 6days,
respectively. After 4 days, the relative survival fraction of 100 nM
fulvestrant was 58.9 + 1.8%.

3.2. Effects of fulvestrant on breast cancer cells receiving ionizing
radiation

Based on the above results, 100 nM fulvestrant and 4 days was
used as the optimal pretreatment concentration/time. Cells were
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Fig. 1. The effect of fulvestrant on the growth of MCF-7 cells treated with 0, 10, 100,
1000 nM for 0, 2, 4, 6 days. Results shown as a percentage of treated compared with
untreated cells.
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Fig. 2. (A) Survival curves of cancer cells after radiation by clonogenic survival
assay treated with fulvestrant (100 nM) or vehicle control (DMSO) for 4 days.
Survival shown as the relative plating efficiencies of cells radiated compared to
control. Data points are averages of two independent experiments each plated in
triplicate (P<0.01). (B) Effect of fulvestrant (100 nM) on radiosensitivity after
exposure to 0, 2, 4, 6 Gy compared with vehicle control (DMSO) for 4 days before
irradiation (P = 0.003).
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Fig. 3. Flow cytometric analysis of cell cycle distribution: Radiation alone or F + RT
(6 Gy) were harvested for 0, 8, 12, 24 h for DNA flow cytometric analysis. Peaks
corresponding to G1/GO, the S phase and G2/M phases of the cell cycle are shown.

irradiated with increasing fractions, as described above; these re-
sults are shown in Fig. 2A. The SF2 was 0.390 * 0.013 with irradia-
tion alone and reduced to 0.186+0.007 with fulvestrant
pretreatment, reducing the combined treatment SF2 by nearly
30% (p = 0.001). Using the linear quadratic model, the « and  com-
ponents were 0.50 +0.011/Gy and 0.353 + 0.044/Gy? without ful-
vestrant, and —0.132 +0.144/Gy and 1.637 + 0.604/Gy? for the
F + RT, with significantly different survival curves (P < 0.01). Com-
pared with radiation alone, F+RT was inhibited from
0.885+0.013 to 0.622+0.029 at 2 Gy, from 0.599 +0.045 to
0.475+0.054 at 4Gy, and from 0.472+0.021 to 0.380+0.018
6 Gy (p =0.003) (Fig. 2B), suggesting a possible synergic effect on
the growth inhibition of human breast cancer cells with F + RT.

3.3. Cell cycle effects of fulvestrant

Using flow cytometry analysis, pre-treated cells (100 nM fulve-
strant, 4 days) induced a higher proportion of cells in the G1 phase
(86.3+0.1% vs. 61.9£0.5) and a decreased proportion of cells in
the S phase (6.5+0.2% vs. 27.7 £1.6) compared with controls
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Table 1
Cell cycle distribution in MCF-7 cell line after treatment with fulvestrant (100 nM) and irradiation (%).
Oh 8h 12h 24h
Control Ful 6 Gy Ful + 6 Gy 6 Gy Ful + 6 Gy 6 Gy Ful + 6 Gy
G1 61.9+0.5 86.3+0.1° 57423 94.1£0.17 535%23 89.5+2.8" 83.8+10.8 84.5+9.0
S 27.7+1.6 6.5+02" 17.5+£0.2 5.0+0.3" 8.7+1.7 3.1£05" 32+13 2.7+0.9
G2/M 103+19 7.2+0.1 25121 05+0.4" 37.8+4.0 74+23" 13.1+12.1 13.3+£10.1

Mean = S.D. (n =3).
" P<0.01, unpaired t-test: comparison with control (0 h), comparison with irradiation alone group (8, 12, 24 h).
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Fig. 4. Western blot analysis for the RAD51, Ku70, Ku86 and DNA-PKcs proteins. (A, B) Cells treated with fulvestrant(100 nM, 24-96 h) had decreased RAD51 and DNA-PKcs
protein. (C) Cells treated with fulvestrant(100 nM, 4 days)+6 Gy or radiation alone, harvested (0, 4 h); the protein levels of DNA-PKcs proteins detected. (D) Cells treated (as
prior) and protein levels of RAD51, Ku70 and Ku86 detected for 0, 2, 6, 24 h, immunoblotting conducted with anti-RAD51, Ku70, Ku86 and DNA-PKcs antibodies: No changes

in Ku70/Ku86, decreased levels of RAD51/DNA-PKcs. Control: Beta-Actin protein.

(Fig. 3 and Table 1). With 6 Gy alone for 8-24 h, a significant cell-
cycle arrest in the G2/M phase was observed, with a decrease in the
percentage of cells in the GO/G1 phase and the S phase as com-
pared with control. However, F + RT resulted in decreased G2/M
phase arrest compared with irradiation alone, with a higher per-
centage of cells in the GO/G1 phase and a very few of cells in S
phase.

3.4. The effects of fulvestrant on proteins DNA-PKcs and RAD51

Using Western blotting, there were no obvious changes in the
levels of Ku70 and Ku86 proteins, but RAD51 and DNA-PKcs pro-
tein levels were significantly decreased in cells treated with fulve-
strant (100 nM/24-96 h), as shown in Fig. 4. In pre-treated cells
(100 nM/4 days) before 6 Gy, levels of Ku70 and Ku86 again had

no observed change, but the levels of DNA-PKcs and RAD51 protein
decreased significantly. However, these changes were not demon-
strated in cells treated with irradiation alone.

4. Discussion

Historically, the interactions of endocrine therapy and irradia-
tion in breast cancer have been conflicting. The first in vitro inves-
tigation of tamoxifen and irradiation on breast cancer cells was
published by Wazer et al. [17], who reported that MCF-7 breast
carcinoma cells treated with tamoxifen and radiation were less
radiosensitive, resulting in a widened shoulder on survival curves
compared with controls. In contrast, when proliferation of breast
cancer cultures was inhibited with 17B-estradiol, increased radio-
sensitivity with a diminished survival curve shoulder was demon-
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strated. While these experimental observations were also con-
firmed by others [18], conflicting data suggest no modulation of
radiosensitivity in tamoxifen MCF-7 cells [19]. More importantly,
both retrospective and randomized clinical studies do not support
the laboratory-observed antagonistic interaction of XRT and
tamoxifen [10,11,20-22]. These conflicting results may be a result
of characteristics of different breast cancer cell lines, or theoreti-
cally, in vitro medium conditions (i.e. in vitro experiments using
phenol-red or fetal bovine serum may mimic estrogenic activity,
affecting these results, which may not be reproduced in clinical
studies).

Third-generation aromatase inhibitors (Al), which have been
shown to improve disease-free survival in a variety of adjuvant set-
tings for early breast cancer [23,24], are an alternative to tamoxifen
for post-menopausal breast cancer. However, limited data on the
use of Als with radiotherapy exist. Azria et al. reported the effects
of RT and letrozole results in sensitization in breast cancer cells in
aromatase-expressing breast tumor cells(MCF-7CA) transfected
with the CYP19 gene in vitro compared with radiation alone [25].
In a phase 2 randomized trial by the same investigators, the effects
of concurrent vs. sequential radiotherapy and letrozole were as-
sessed [26], and preliminary results suggest no interaction or ef-
fects of concomitant vs. sequential use.

Fulvestrant, a pure estrogen-receptor antagonist that directly
competes with estrogen by binding, blocking and increasing
degradation of ER protein and subsequent ER signaling, is an
effective and well-tolerated drug for treatment of estrogen-
sensitive breast cancer [27]. Clinical investigations of Fulvestrant
as single or combination therapies are currently underway. In
this study, human breast-cancer cells were treated with fulve-
strant alone, radiation alone, or in combination to determine
their effects on cell survival. We found that the combination of
F +RT reduced the SF, (fraction of breast cancer cells surviving
2 Gy) by nearly 30%, suggesting that the addition of fulvestrant
promotes inhibition of cellular proliferation and enhances the
effects of radiation.

In this study, cell cycle effects of fulvestrant increased the pro-
portion of cells in G1 arrest, accompanied by a simultaneous de-
crease in cells in the S phase. Given that cancer cells are most
radiosensitive in the G2/M phase, less sensitive in GO/G1, and least
sensitive in the latter part of the S phase [28], and cell cycle pro-
gression can be stopped at the G1, S, and G2 checkpoints [29],
we postulate that the decreased proportion of cells in S phase be-
fore irradiation may result in the observed decrease in the surviv-
ing fraction with F + RT. Furthermore, the increased proportion of
cells arrested in the G2 phase in F + RT treatment group may also
contribute to the decrease of the surviving fraction.

In mammalian cells, there are two major pathways to repair
potentially lethal DNA double-strand breaks (DSBs): homologous
recombination (HR) and nonhomologous DNA end joining (NHE]),
with NHE] as the predominant repair process for cells in GO, G1
or early S-phase, with mutant cell lines lacking key components
of this pathway all exhibiting impaired kinetics of DNA DSB repair
and exquisite radiosensitivity [30]. Homologous recombination
(HR) is a more precise repair mechanism and is more important
for the repair of DSB in late-S and G2 when a sister chromatid is
available for the recombination reaction [31]. RAD51 is a central
player in the HR-mediated repair of DSB. DNA-PKcs, along with
Ku70/Ku80, Artemis nuclease, and the XRCC4/DNS-Ligase IV com-
plex, function to mediate nonhomologous DNA end joining [32].
Based on our findings of decreased levels of DNA-PKcs and RAD
51 proteins with fulvestrant administration, we hypothesize that
the radiosensitizing effect of fulvestrant on breast cancer cells
may involve impairment of DNA double-strand breaks (DSBs) re-
pair. Furthermore, in F+RT cells, the levels DNA-PKcs and RAD
51 were also significantly decreased compared with RT alone,

providing yet another possible explanation for the observed in-
crease in radiosensitivity in the combined treatment arm.

In summary, our findings suggest that the concomitant use of
F + RT sensitizes human breast cancer cells to the ionizing effects
of radiation by increasing cell cycle arrest and down-regulating
proteins (DNA-PKcs and RAD51) involved in double-strand DNA
break repair in comparison to breast cancer cells treated with radi-
ation alone. These findings suggest that F + RT has a synergic effect
in arresting cellular proliferation in human breast cancer cells. Our
findings are the first to report this radiosensitization effect of ful-
vestrant, which may have important implications for breast cancer
translational research and will need further investigation in both
the laboratory and clinical settings.
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