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A senescence-like growth arrest succeeded by recovery of proliferative capacity was observed in MCF-7 breast tumor cells
ractionated radiation, 5× 2 Gy. Exposure to EB 1089, an analog of the steroid hormone 1�, 25 dihydroxycholecalciferol (1�, 25 dihydroxy
itamin D3; calcitriol), prior to irradiation promoted cell death and delayed both the development of a senescent phenotype and th
f proliferative capacity. EB 1089 also reduced clonogenic survival over and above that produced by fractionated radiation alone
onferred susceptibility to apoptosis in MCF-7 cells exposed to radiation. In contrast, EB 1089 failed to enhance the response t
or to promote apoptosis) in normal breast epithelial cells or BJ fibroblast cells. EB 1089 treatment and fractionated radiation
romoted ceramide generation and suppressed expression of polo-like kinase 1. Taken together, these data indicate that EB 1�,
5 dihydroxycholecalciferol or its analogs) could selectively enhance breast tumor cell sensitivity to radiation through the promot
eath, in part through the generation of ceramide and the suppression of polo-like kinase.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

The growth of various tumor cell lines, both in cell
ulture and in the form of xenografts, have been shown to
e sensitive to the metabolically active form of Vitamin D3,
,25-dihydroxyvitamin D3 (1,25(OH)2 D3; 1�, 25 dihydrox-

� Presented in part at the 93rd and 94th Annual Meetings of the American
ssociation for Cancer Research, 2002 and 2003.
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ycholecalciferol)[1–3]. Because of limitations to the co
centrations of 1,25(OH)2 D3 that can be achieved in the clin
before hypercalcemia is evident[4], a number of 1,25(OH)2
D3 analogs, such as EB 1089 (seocalcitol; 1(S),3(R)-
dihydroxy-20(R)-(5′-ethyl- 5′ - hydroxy - hepta - 1′(E),3′(E)-
dien-1′-yl)-9,10-secopregna-5(Z),7(E),10(19)-triene), hav
been synthesized with reduced hypercalcemic activity[5].

Vitamin D3 and its analogs may exert their antipro
erative effects via multiple pathways which include cro
talk with the estrogen signaling pathway[6], modulation o
growth factor responses[7], differentiation induction[8], in-
duction of cell cycle regulatory proteins[9–13], as well as

960-0760/$ – see front matter © 2004 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2004.07.011
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the promotion of apoptosis[14,15]. Studies in this labora-
tory have shown that MCF-7 breast tumor cells are relatively
refractory to apoptosis in response to clinically relevant con-
centrations of adriamycin[16] as well as to ionizing radia-
tion, even at relatively high doses[17]. However, apoptosis
was evident in MCF-7 cells exposed to either adriamycin or
radiation when exposure to these agents was preceded by in-
cubation of the cells in the presence of Vitamin D3 analogs,
indicating that these compounds may selectively manipulate
the signaling pathway that is permissive for apoptotic cell
death in MCF-7 breast tumor cells[18–21].

Previous work from this laboratory describing the inter-
action of Vitamin D3 and its analogs with ionizing radiation
[18,20] involved a single dose of radiation, generally focus-
ing on a supraclinical (10 Gy) dose. However, sensitization
was most pronounced at lower doses in the range of 2 Gy. As
breast cancer is routinely treated using multiple fractionated
low doses of radiation in the range of 2 Gy to minimize nor-
mal tissue toxicity[22], the present studies were designed to
extend the previous findings by assessing the interaction of
the 1,25(OH)2 D3 analog, EB 1089, with a cumulative dose
of 10 Gy administered in 2 Gy fractions. The time course of
the response was evaluated in order to distinguish between
effects on growth arrest and cell death, as well as to assess
the influence of EB 1089 on radiation-induced senescence ar-
r ed by
e cell
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University School of Medicine, Baltimore, MD), whereas
the human cyclin D1 cDNA kindly was provided by Dr. D.
Beach (Howard Hughes Medical Institute, Cold Spring Har-
bor, NY). RPMI 1640 and supplements were obtained from
GIBCO Life Technologies, Gaithersburg, MD. Reagents used
for the TUNEL assay (terminal transferase, reaction buffer,
and Fluorescein-dUTP) were purchased from Boehringer
Manheim, Indianapolis, IN. X-gal was obtained from Gold
Biotechnology, St. Louis, MO. All other reagents used in the
study were analytical grade.

2.2. Cell culture and treatment protocols

All cell lines were grown from frozen stocks in basal RPMI
1640 medium supplemented with 10% fetal calf serum, 2 mM
l-glutamine, penicillin/streptomycin at 37◦C under a humid-
ified, 5% CO2 atmosphere. In all studies, MCF-7 cells were
exposed either to EB 1089 (100 nM) alone for 72 h, five frac-
tions of 2 Gy gamma radiation administered on three con-
secutive days (using a cesium irradiator at a dose rate of
3 Gy/m)1 or EB 1089 for 72 h followed by fractionated radi-
ation (again, five fractions administered on three consecutive
days). For the studies in which EB 1089 preceded irradiation,
the EB 1089 was removed and the cells washed twice with
phosphate buffered saline prior to irradiation. This sequence
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valuating the effects of this combination in two normal

ines, human breast epithelial cells and human fibroblas
In order to evaluate possible mechanisms underl

he ability of EB 1089 to promote radiation-induced
eath, the generation of ceramide was assessed, as s
roups have demonstrated the association of ceramide
adiation-induced cell death[23–25]. Effects on expressio
f Polo-like kinase 1 (Plk1) were examined since deple
f Plk1 is associated with tumor cell apoptosis[26], while

he mechanism of tumor cell response to radiation invo
ctivation of the cell cycle G2 checkpoint through inhibitio
f the Polo-like kinase 1[27].

. Materials and methods

.1. Materials

The p53 wild-type MCF-7 human breast tumor cell l
as obtained from NCI, Frederick, MD. EB 1089 was p
ided by Dr. Lise Binderup, Leo Pharmaceuticals, Denm
ormal human mammary epithelial cells were obtained f
lonetics, San Diego, CA; human foreskin BJ fibrobla
riginally generated by Dr. JR Smith at the Baylor C

ege of Medicine, were obtained from Dr. Jerry Shay at
niversity of Texas Southwestern Medical Center[28]. Hu-
an cDNA clones for PLK and CCNB1 were obtained fr
ZPD Deutsches Ressourcenzentrum für Genomforschun
mbH (Berlin, Germany). The human cDNA probe for
lin B1 was a gift from Dr. B. Vogelstein (The John Hopk
l

f exposure was based on the studies by Wang et al.[29]
hich have demonstrated a requirement for prolonged
ation with Vitamin D3 or its analogs to promote sensitiv

o adriamycin, as well as our own previous work[19–21].

.3. Cell viability and clonogenic survival

Cell viability was determined by trypan blue exclusion
arious time points starting 6 h after the last dose of radia
ells were harvested using trypsin, stained with 0.4% tr
lue dye, and counted using phase contrast microscopy

For clonogenic survival studies, cells were trypsinized
er sterile conditions following EB 1089 and/or radiation
lated in triplicate in six well tissue culture dishes at the
ropriate density for each condition. After 14 days, the c
ere fixed with 100% methanol, air-dried for 1–2 days
tained with 0.1% crystal violet. For computing the surv
raction, groups of 50 or more cells were counted as colo
ata were normalized relative to untreated controls w
ere taken as 100% survival.

.4. TUNEL assay for apoptosis

The method of Gavrielli et al.[30] was utilized as an in
ependent assessment of apoptotic cell death in com
ytospins containing both adherent and non-adherent

1 In some experiments, radiation was administered daily at doses o
ver a period of 5 days. The response of the cells was essentially ide
or both patterns of irradiation.
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Cells were fixed and the fragmented DNA in cells undergo-
ing apoptosis was detected using the In Situ Cell Death De-
tection Kit (Boehringer-Manheim), where strand breaks are
end labeled with fluorescein dUTP by the enzyme terminal
transferase. Cells were then washed, mounted in Vectashield
and photographed using a Nikon fluorescent microscope.

2.5. Propidium iodide staining and flow cytometry

After treatment with EB 1089 and/or fractionated radia-
tion, cells were harvested using trypsin, pelleted by centrifu-
gation and washed twice with PBS. Cellular DNA was la-
beled by resuspending 1× 106 cells in 1 ml propidium iodide
staining solution (3.8 mM NaCitrate, 0.05 mg/ml propidium
iodide, 0.1% triton X-100, 9 K units/ml RNase B). Cells were
analyzed for DNA content with a Beckman Coulter XL-MCL
flow cytometer. A minimum of 25,000 events were collected
for each sample.

2.6. Alkaline unwinding assay

The induction of DNA fragmentation was substantiated
using the alkaline unwinding assay[31] as described previ-
ously [18]. Briefly, this involved determination of the ratio
of double stranded and single stranded DNA after exposure
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by gel electrophoresis before transfer onto Hybond-N+ mem-
branes (Amersham Pharmacia Biotech, Uppsala, Sweden).
The cDNA probes were labeled with [�-32P]dCTP (Amer-
sham Pharmacia Biotech) by random priming technique, and
standard Church hybridization conditions were used. To eval-
uate the amounts of RNA loaded, the filters were rehybridized
to a kinase-labeled oligonucleotide probe complementary to
nucleotides 287–305 of human 18S rRNA.

2.10. Measure of synergism versus additivity

The predicted response for the cell viability as-
say was determined using the following model:
y=γ exp(−exp(−(β0 +β1x1 +β2x2))) + ε, where y is
the predicted response (% reduction in cell viability),x1
is concentration of EB 1089 (nM),x2 is the fractionated
radiation dose (Gy),γ is an unknown parameter associated
with the maximum effect response,β0 is an unknown
parameter associated with the intercept, isβ1 an unknown
parameter associated with the slope ofx1, and β2 is an
unknown parameter associated with the slope ofx2. ε is an
unobserved random error term assumed to have mean 0 and
constant variance. Parameter estimates were found using
a generalized least squares criterion for nonlinear models.
A constant variance was assumed across the concentration
r ative
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o the various agents.F-values[31] were converted to radi
ion equivalence based on standardization of the assay
raded doses of radiation.

.7. Beta-galactosidase histochemical staining

At the appropriate times after treatment, cells w
ashed twice with PBS and fixed with 2% formaldehy
.2% glutaradehyde for 5 min. The cells were then wa
gain with PBS and stained with a solution of 1 mg
-bromo-4-chloro-3-inolyl-�-galactosidase in dimethylfo
amide (20 mg/ml stock), 5 mM potassium ferrocyan
mM potassium ferricyanide, 150 mM NaCl, 40 mM cit
cid/sodium phosphate, pH 6.0, and 2 mM MgCl2 [32]. Fol-

owing overnight incubation at 37◦C, the cells were washe
wice with PBS, and photographed with a light microsco

.8. Ceramide analysis

Cell radiolabeling with [3H]palmitic acid, lipid extraction
nd analysis of [3H]ceramide by thin layer chromatograp
ere conducted as described previously[33]. Lipids were
isualized in iodine vapor. Commercial standards were
hromatographed and spots were scraped and analyz
ritium by liquid scintillation counting.

.9. Northern blot analysis

Total RNA was extracted and analyzed by standard N
rn blotting technique. Samples of 10�g RNA were resolve
r

ange of the drug/radiation. The Gauss–Newton iter
lgorithm was used in PROC NLIN in SAS (version 8.01
nd parameter estimates. An overall test for additivity[34]
as based on testing the hypothesis that the mean res
nder the hypothesis of additivity is the true mean resp
t the observed mixture points. The estimated respons

he true means were provided by the sample means a
ixture group.

. Results

.1. Effects of EB 1089 and fractionated radiation on
ell viability and clonogenic survival of MCF-7 cells

Previous studies from this laboratory have demonstr
hat the Vitamin D3 analog EB 1089 enhances the respo
f both MCF-7 and ZR-75-1 breast tumor cells to ioniz
adiation[18,20]. Effects on the response of MCF-7 cells
driamycin were also reported[19]. In the current studie
adiation was administered in 2 Gy fractions, an experim
al condition that more closely reflects the manner in w
adiation is administered to patients in the clinical setting
hown inFig. 1A, fractionated radiation (five daily doses
Gy) and EB 1089 (100 nM for 72 h) each alone respect
roduced a 75% and 84% reduction in cell number comp

o the untreated control, while treatment with EB 1089 p
o fractionated radiation reduced viable cell number by 9

In separate studies, prior exposure to EB 1089 faile
odify the response to fractionated radiation in either
al breast epithelial cells or normal human fibroblasts (
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Fig. 1. (A) Influence of EB 1089 on the antiproliferative effects of fractionated radiation in MCF-7 cells. Cells were treated with EB 1089 (100 nM) for 72 h
followed by fractionated radiation (5× 2 Gy). Six hours following the 5th dose of radiation, all cells were harvested by trypsinization and viable cell number
was determined by trypan blue exclusion assay. Data presented are mean± S.E.M. of three experiments. (* ) Significantly different than control (p> 0.05); (** )
significantly different than fractionated radiation or EB 1089 alone (p< 0.05). (B) Clonogenic survival of MCF-7 cells after exposure to either 100 nM EB1089,
5× 2 Gy fractionated irradiation, or EB 1089 followed by 5× 2 Gy IR. Data represent mean± range from two independent experiments. (* ) Significantly
different than control (p> 0.05); (** ) significantly different than fractionated radiation or EB 1089 alone (p< 0.05).

not shown). These findings are similar to those reported pre-
viously, demonstrating a lack of potentiation of the response
to radiation by the Vitamin D3 analog, ILX23-7553 (1,25-
dihydroxy-16-ene-23-yne Vitamin D3), in human fibroblasts
[21].

Statistical analysis was performed on the data presented
above to determine whether the observed effects of the
combination of EB 1089 and fractionated radiation on
cell viability were occurring through a synergistic or ad-
ditive interaction between the two modalities. The study
design included dose-effect data of fractionated radiation
alone (5× 0.5 Gy, 5× 1.0 Gy, 5× 2.0 Gy, and 5× 3.0 Gy),
concentration-effect data of EB 1089 alone (5, 10, 50,
100, 200 nM), and a mixture point of the sequence of
(100 nM) EB 1089 followed by 5× 2 Gy radiation. The
endpoint of interest was percent reduction in cell viabil-
ity 24 h after treatment.Table 1 indicates that the ob-
served percent reduction in cell viability was not signifi-
cantly different from that predicted by the model of additivity
(p= 0.917).

The cell viability studies were substantiated by assessment
of clonogenic survival.Fig. 1B indicates that while EB 1089
and fractionated radiation each alone reduced survival by ap-
proximately 20% and 40% respectively, the sequential expo-
sure to EB 1089 followed by fractionated radiation reduced
survival by almost 70%. In separate studies (not shown), ex-
posure of the cells to EB 1089 for 72 h prior to radiation
resulted in a six-fold reduction in the cumulative radiation
dose which produces a 50% reduction in clonogenic survival
(from 5× 3 Gy to 5× 0.5 Gy).

Table 1
Observed results from cell viability assay of EB 1089 in combination with
radiation were compared to values predicted using a statistical model of
additivity

EB 1089 (nM) 100
Radiation 2.0
Observed % reduction 0.82
Predicted % reduction under additivity 0.85
95% prediction interval under additivity [0.41.1.19]

Observed and predicted values were not significantly different (p= 0.917);
therefore the assumption of additivity is not rejected.
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Fig. 2. Effects of EB 1089 on the promotion of fractionated radiation-induced apoptosis in MCF-7 cells. (A) DNA fragmentation in MCF-7 cells was determined
by fluorescent end-labeling. Cells were isolated following the fifth dose of radiation, cytospun onto glass slides, and stained according to the TUNELprotocol
as described in materials and methods. Magnification 20×. (B) The fraction of cells in different phases of the cell cycle (with a particular emphasis on cells
with a sub G0/G1 DNA content indicative of DNA fragmentation associated with apoptosis) was also determined by propidium iodide staining of the DNA and
quantitated by flow cytometry 24 h post-irradiation. TheX-axis represents the degree of fluorescence (FL3 stands for fluorochrome 3) while theY-axis reflects
the number of cells (control—peak at 636; EB 1089—peak at 834; 5× 2 Gy—peak at 619; EB 1089 + 5× 2 Gy—peak at 563). Similar profiles were generated
in duplicate experiments.

3.2. Effects of EB 1089 and fractionated radiation on
apoptosis in MCF-7 cells

We have previously reported that while breast tumor cells
are refractory to apoptosis in response to DNA damage by ra-
diation[17], as well as clinically relevant doses of adriamycin
[16,35], apoptosis is detected in response to adriamycin and
(relatively high doses of) radiation in the presence of Vitamin
D3 analogs[18–20]. In order to determine whether EB 1089
might promote susceptibility to apoptosis in MCF-7 cells af-
ter the relatively low fractionated radiation doses used in the
current studies, apoptosis was evaluated using three separate
approaches, TUNEL analysis, propidium iodide (PI) stain-
ing/flow cytometry, and alkaline unwinding.

The results of both the TUNEL assay presented inFig. 2A
and PI staining/flow cytometry presented inFig. 2B indi-
cate minimal evidence for apoptosis in MCF-7 cells treated
with EB 1089 (100 nM) or fractionated radiation (5× 2 Gy)
alone. However, a low, but significant degree of apoptosis
was clearly evident when radiation was preceded by expo-
sure to EB 1089. The flow cytometry data indicate that the
fraction of apoptotic cells (sub G0 phase) was approximately
6%, a 3.5-fold increase over that observed with radiation or
EB 1089 alone. A similar percentage (between 5 and 7%) of
apoptotic cells was detected at 3 and 5 days after the last dose
o pre-
s ion
e popu-
l f

Table 2
DNA fragmentation assay in MCF-7 cells

RAD equivalents

Control 96± 2
EB 1089 187± 4
5× 2 Gy 100± 3
EB 1089 + 5× 2 Gy 1082± 8

Alkaline unwinding was utilized to quantify the extent of DNA fragmen-
tation in MCF-7 cells 24 h after exposure to EB 1089, 5× 2 Gy or EB
1089 + 5× 2 Gy. Data are expressed as mean± range of two independent
experiments.

the cell cycle, consistent with the known modes of actions of
these individual treatments.

A quantitative increase in apoptosis by the combination
of EB 1089 with fractionated radiation was confirmed by
the alkaline unwinding assay shown inTable 2. DNA frag-
mentation did not exceed baseline levels for radiation alone,
while a relatively small degree of fragmentation (equivalent
to ∼1 Gy when corrected for baseline levels of fragmenta-
tion) was evident with EB 1089 alone. The combination of
EB 1089 with fractionated radiation produced an approxi-
mately 10-fold increase in DNA fragmentation.2 It should be
emphasized that this assay is being utilized to measure (de-
layed) DNA fragmentation rather than direct and immediate
DNA strand breaks produced by irradiation.

2 Possible reasons for the discrepancy withTable 2are addressed in the
discussion.
f radiation (data not shown). The flow cytometry data
ented inFig. 2B also show that both EB 1089 and radiat
ach alone promote a marked reduction in the S phase

ation, as well as an accumulation of cells in the G1 phase o
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3.3. Influence of EB 1089 on the temporal response to
fractionated radiation on MCF-7 cells

Our previous studies have assessed single time point re-
sponses to radiation alone and radiation exposure subsequent
to the Vitamin D3 analogs. In order to distinguish between
growth arrest and cell death responses, MCF-7 cells were
treated with EB 1089 alone, 5× 2 Gy, or EB 1089 followed
by 5× 2 Gy and cell viability was determined at different time
points of up to 21 days post-irradiation.3 Fig. 3A shows the
fold increase in cell number at various times post-irradiation
compared to the number of cells present at the initiation of the
radiation treatment. Cells exposed to radiation alone contin-
ued to proliferate, albeit at a reduced rate, during the course
of radiation exposure, and subsequently arrested for a pe-
riod of 7–10 days. Pretreating MCF-7 cells with EB 1089
markedly alters the cellular response to subsequent radia-
tion. Of note is the observation that the cells do not appear to
proliferate during the radiation treatment,4 and as shown in
Fig. 3A, cell death appears to be the primary initial response
to radiation in cells primed by exposure to EB 1089. By 24 h
post-irradiation, approximately 20% of the original cell pop-
ulation has been lost, while by 5 days post-irradiation, almost
80% of the cells have died.
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In vivo studies using tumor cell xenografts exposed to irra-
diation generally show a transient growth inhibition followed
by tumor regrowth (i.e. tumor growth delay)[38,39]. The
temporal response studies presented inFig. 3A also demon-
strate “tumor cell regrowth” in the MCF-7 cell culture model
system. In cells exposed to fractionated radiation alone, a co-
hort of cells demonstrated proliferative activity by 14 days.
In contrast, in the cells exposed to EB 1089 prior to irradi-
ation, proliferative recovery was significantly delayed. As a
consequence, the number of viable cells remaining 14 days
after treatment with EB 1089 followed by radiation is approx-
imately 5% of that observed in cells exposed to fractionated
radiation alone.

3.5. Generation of ceramide by EB 1089 and ionizing
radiation

Ceramide generation has been associated with promotion
of apoptosis by ionizing radiation as well as chemothera-
peutic agents such as taxol[23–25,40]. To evaluate whether
ceramide was generated in association with EB 1089 and
radiation-induced cell death, MCF-7 cells were treated with
EB 1089, ionizing radiation, or EB 1089 followed by radi-
ation and analyzed for ceramide generation. These studies
were performed utilizing a 10 Gy dose of radiation (rather
t f-
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.4. Induction of senescence by fractionated irradiation

As shown inFigs. 2B and 3A, growth arrest is evide
fter radiation alone and in cells which have been expos
B 1089 prior to irradiation. However, under the latter c
itions, the growth arrest is delayed by cell death. Stu
y Chang et al.[36], as well as our own published data[37]
nd unpublished work,5 have identified a senescence ar
esponse to both adriamycin and high dose radiation. In
o determine whether the growth arrest associated wit
089 and/or fractionated irradiation in MCF-7 cells is ch
cteristic of senescence, staining with the senescence m
eta-galactosidase was evaluated. As shown inFig. 3B, while
ells treated with EB 1089 alone do not stain positive for b
alactosidase, cells exposed to 5× 2 Gy radiation alone sho
strong beta-galactosidase signal by 72 h post-irradia

uggesting that these cells are undergoing senescence
ig. 3B also indicates that EB 1089 treatment does not
ent radiation-induced senescence; however, the senes
esponse is delayed until 5–7 days after radiation, in l
art because the primary response to the EB 1089-rad
ombination is cell death.

3 Cells transiently exposed to EB 1089 alone demonstrate a reduc
f growth (approximately 50%), but recover quickly once removed from
resence of EB 1089. Untreated cells have a doubling time of 18–20 h
ot shown).

4 We cannot exclude the possibility that some cell proliferation and
eath are occurring concomitantly after both radiation alone and the c
ation of EB 1089 with radiation.

5 Manuscript in progress: ionizing radiation-induced senescence is
iated with telomere dysfunction in p53 wild-type breast tumor cells.
r

t.

e

han fractionated doses of 5× 2 Gy) in order to generate su
cient ceramide to be detectable within the sensitivity lim
f this assay. We felt that this approach would establish “p
f principle” as the effects of EB 1089 on the response t
iation are similar with a single high dose of radiation

ower fractionated doses.Table 3indicates that EB 1089 in
reases the ceramide levels within the cell to 132% of co
alues. A single dose of radiation (10 Gy) likewise elic
n increase (148% of control) in ceramide. The combina
f EB 1089 with radiation resulted in an essentially add

ncrease in ceramide levels (172% of control).

.6. EB 1089 promotes radiation-induced
own-regulation of Polo-like kinase 1 in MCF-7 cells

We have recently reported that cell cycle arrest at the G2/M
oundary after radiation involves repression of the gen
lk1, PLK[41]. In order to determine whether EB 1089 p

reatment could modify this response, PLK mRNA exp
ion was assessed after radiation exposure of MCF-7

able 3
eramide generation in MCF-7 cells

reatment Ceramide (% of contro

ontrol 100± 5.5
B 1089 132.2± 4.3
0 Gy IR 148.1± 6.7
B 1089 + 10 Gy IR 171.8± 4.5

CF-7 cells were treated with 100 nM EB 1089 for 72 h. EB 1089 was
emoved, [3H]palmitic acid was added, and cells were irradiated (10
ata are expressed as mean± range of two independent experiments.
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Fig. 3. (A) Proliferation time course of MCF-7 cells exposed to 5× 2 Gy fractionated irradiation with and without prior treatment with 100 nM EB 1089.
Proliferation was measured as a fold increase in viable cell number compared to the number of cells at the start of irradiation. Arrows indicate days ofradiation
exposure. Data represent mean± range of two independent experiments. (B) Beta-galactosidase expression after EB 1089, 5× 2 Gy IR, or EB 1089 followed
by 5× 2 Gy. Cells were treated and fixed after removal of EB 1089 or after indicated time following last dose of radiation.

Fig. 4. Regulation of mRNA expression for cell cycle regulatory factors. MCF-7 cells were cultured in the absence (−) or presence (+) of EB1089 (100 nM)
for 72 h before exposure to 2 Gy or 10 Gy of ionizing radiation (IR). Expression of mRNAs for PLK, cyclin B1, p21, and cyclin D1 was analyzed after the
indicated time periods after IR, or removal of EB 1089 in studies with EB 1089 alone. 18S rRNA was measured as RNA loading control.
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grown in the absence and presence of EB 1089. For com-
parison, the mRNA levels for cyclin B1, which is another
radiation-sensitive regulatory factor in the G2 phase of the
cell cycle, as well as the G1 phase regulatory factors were
also analyzed (Fig. 4). Whereas the single radiation dose
of 2 Gy was insufficient to cause any change in the level
if PLK mRNA expression, a transient down-regulation of
PLK mRNA was observed after radiation with 10 Gy. Inter-
estingly, pretreatment with EB 1089 was clearly associated
with a similar repression of PLK mRNA after exposure to
2 Gy, and also seemed to amplify the response of PLK mRNA
to 10 Gy. The regulatory responses of cyclin B1 mRNA were
essentially identical to those of PLK mRNA. Although EB
1089 transiently increased the expression of p21 mRNA, the
radiation-induced mRNA for p21 was not modified by the
EB 1089 pretreatment. Finally, the mRNA for the G1 phase
cyclin D1 was unaltered by radiation exposure as well as EB
1089 treatment.

4. Discussion

A number of studies have demonstrated the utility of com-
bining Vitamin D3 analogs with conventional chemothera-
peutic drugs such as tamoxifen, platinum compounds, and
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discrepancy between the two analytical approaches may be
the result of heavily fragmented DNA in the apoptotic cells.
A 10-fold increase in overall DNA fragmentation could re-
sult from a 3.5-fold increase in the number of cells under-
going apoptosis as the DNA is being cleaved by apoptotic
enzymes.

Whether the induction of apoptosis alone is sufficient to
explain the observed cell killing effects of EB 1089 followed
by radiation is not yet certain. Although we detect only 6%
apoptotic cells after treatment, this reflects a snapshot of a
single time point. Furthermore, a similar percentage of apop-
totic cells was evident at other time points. Assuming that
apoptotic cells do not survive for prolonged time periods,
we hypothesize that cell death by apoptosis may represent a
gradual process in this experimental model, with small co-
horts of cells undergoing apoptosis over a period of 1–7 days
until the bulk of the population has been decimated.

These findings in a cell culture system have also been
substantiated in a breast tumor xenograft model system[50].
In this work, treatment with EB 1089 followed by fractionated
radiation resulted in an accelerated decline in tumor volume
and the promotion of apoptosis. It is of further importance to
note that these studies showed no detectable toxicity to the
experimental animals.
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f ffect
( alu-
a ion.
T value
o urse
s tu-
m t of
M est
r nced
r y of
r to be
m This
o D
o or
v mor
g

tudy
w l as-
s for
r wth”
o n the
p rom
e wly
a ring
c that
a sid-
u ote
r of
p “re-
c rom
t hese
driamycin against a variety of tumor cell lines[29,42–46]. In
ddition, phase I clinical trials have suggested that high

ntermittent therapy with 1�, 25 dihydroxycholecalciferol i
elf is potentially safe[47,48]. Breast tumor cells, in gener
end to be refractory to apoptotic cell death in respons
odalities that induce DNA damage[17,35,49]. Our recen
ork [18–21] has focused on utilizing Vitamin D3 analogs
uch as EB 1089 and ILX-23-7553 to confer susceptibili
poptosis in response to adriamycin or ionizing radiatio

he breast tumor cell. These studies have demonstrate
retreatment with EB 1089 or ILX-23-7553 followed by
cute dose of adriamycin (1�M) or a single (10 Gy) dos
f radiation resulted in enhanced cell killing, as well as
reased DNA fragmentation indicative of apoptosis[18–20].
ur recent short report indicated that an analog which

onger under development, ILX23-7553, promotes apop
ith fractionated radiation[21]. The current work extend

hese findings to a Vitamin D3 analog in clinical trials, ex
mines the temporal response to EB 1089 and fractio
adiation (a more clinically relevant approach), assesse
ects on clonogenic survival, cell cycle and senescenc
ell as addressing possible mechanisms of action of th
uence of treatment.

This work supports our previous observations indica
hat EB 1089 enhances susceptibility to radiation and
otes apoptosis[18,20]. Three separate assays were use
ssess the enhanced apoptotic response observed whe
tion is preceded by exposure to EB 1089. The PI sta
nalyzed by flow cytometry yielded a 3.5-fold increas
poptotic cells, while the alkaline unwinding assay sho
10-fold increase in apoptotic cells. We believe that
t

i-

ractionated radiation demonstrated a simple additive e
Fig. 1andTable 1), this conclusion was based on an ev
tion of cell number shortly after the last dose of radiat
his approach appears to underestimate the potential
f this combination approach, since the extended time co
tudy inFig. 3A suggests a more pronounced impact on
or cell growth. In addition to the finding that pretreatmen
CF-7 cells with EB 1089 converts the initial growth arr

esponse to cell death, resulting in a rapid and pronou
eduction in viable cell number within 3 days, the capacit
esidual cells to recover proliferative capacity appears
arkedly attenuated (although not entirely eliminated).
bservation could have clinical ramifications if Vitamin3
r Vitamin D3 analogs prove to lower the remaining tum
olume post-irradiation and substantially increase the tu
rowth delay after radiation therapy.

The dramatic effects observed in the time course s
ere not completely reflected in the clonogenic surviva
ay. Although clonogenic survival is the “gold standard”
adiation responsiveness, it is possible that the “regro
r “recovery” phenomenon is in some way dependent o
resence of a surrounding cell population. We know f
mpirical experience that the MCF-7 cells grow quite slo
t very low densities — and appear to require neighbo
ells for optimal growth characteristics. It is possible
fter irradiation, dead or dying cells that retain some re
al metabolic capacity might provide factors that prom
egrowth — which would not occur at the low density
lating for clonogenic survival assays. The identity of the
overed” cells is under investigation, although studies f
he laboratory of Roninson support the concept that t
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recovered cells could be derived from the senescent cell pop-
ulation[51].

The mechanistic basis for the permissive effects of EB
1089 on the promotion of apoptosis, as well as enhancement
of susceptibility to radiation in the breast tumor cell, remain
to be fully elucidated. Our studies indicating that EB 1089
enhances radiation-induced ceramide generation further sug-
gest that ceramide may have a distinct role in the action of EB
1089 in this experimental system. Although EB 1089 and ra-
diation both promote ceramide generation in the breast tumor
cell (Table 3), the levels achieved after either treatment alone
may not be sufficient to promote apoptosis. The combined
effects of EB 1089 and radiation may increase ceramide lev-
els within the cell to a threshold level that is necessary to
promote apoptosis.

Finally, while the suppression of polo like kinase message
by the EB 1089-radiation combination appears to be a tran-
sient effect, it is becoming clear that the polo like kinases
influence signaling pathways that could determine suscep-
tibility to killing of the tumor cell by radiation[26,27]. El-
evated Plk1 expression in the primary tumor is associated
with an unfavorable clinical outcome[52,53]. Recent results
have clearly shown that experimental depletion of Plk1 dra-
matically inhibits cellular proliferation and viability, possibly
resulting from G2 phase cell cycle arrest followed by apop-
t on-
i t G
p r
c -
t ay
s rapy.

A

rch
a er-
i EN,
a s, Los
A for
C sup-
p

R

n D
con-

der,
ibits
em.

hi,
nal

logue
94)

[4] D. Feldman, X.-Y. Zhao, A.V. Krishnan, Editorial/mini-review: Vi-
tamin D and prostate cancer, Endocrinology 141 (1) (2000) 5–9.

[5] C.M. Hansen, K.J. Hamberg, E. Binderup, L. Binderup, Seocalcitol
(EB 1089): a vitamin D analogue of anti-cancer potential. Back-
ground, design, synthesis, pre-clinical and clinical evaluation, Curr.
Pharm. Des. 6 (7) (2000) 803–828.

[6] A. Stoica, M. Saceda, A. Fakhro, H.B. Solomon, B.D. Fenster, M.B.
Martin, Regulation of estrogen receptor-alpha gene expression by
125-dihydroxyvitamin D in MCF-7 cells, J. Cell Biochem. 75 (4)
(1999) 640–641.

[7] M. Koga, J.A. Eisman, R.L. Sutherland, Regulation of epidermal
growth factor receptor levels by 1,25-dihydroxyvitamin D3 in human
breast cancer cells, Cancer Res. 48 (10) (1988) 2734–2739.

[8] I.S. Mathiasen, K.W. Colston, L. Binderup, EB 1089 a novel vitamin
D analogue has strong antiproliferative and differentiation inducing
effects on cancer cells, J. Steroid Biochem. Mol. Biol. 46 (3) (1993)
365–371.

[9] F. Zhang, B. Rathod, J.B. Jones, Q.M. Wang, E. Bernhard,
J.J. Godyn, G.P. Studzinski, Increased stringency of the 1,25-
dihydroxyvitamin D3-induced G1 to S phase block in polyploid
HL60 cells, J. Cell Physiol. 168 (1) (1996) 18–25.

[10] G. Wu, R.S. Fan, W. Li, T.C. Ko, M.G. Brattain, Modulation of
cell cycle control by vitamin D3 and its analogue EB1089 in human
breast cancer cells, Oncogene 15 (13) (1997) 1555–1563.

[11] M.J. Campbell, E. Elstner, S. Holden, M. Uskokovic, H.P. Koef-
fler, Inhibition of proliferation of prostate cancer cells by a 19-nor-
hexafluoride vitamin D3 analogue involves the induction of p21waf1,
p27kip1 and E-cadherin, J. Mol. Endocrinol. 19 (1) (1997) 15–27.

[12] Q.M. Wang, X. Luo, G.P. Studzinski, Cyclin-dependent kinase 6 is
the principal target of p27/Kip1 regulation of the G1-phase traverse

. 57

[ an-
ds
37,

[ nis-
089

cells,

[ itamin
hem.

[ lph,
cell
CF-7
em.

[ ph,
tion
cell
rnl.

[ en-
, Rad.

[ irtz,
adri-
t. 63

[ irtz,
e to
ncer

[ fect
itiv-
hu-
osis[26]. The finding that EB 1089 promotes the radiati
nduced PLK mRNA repression may reflect the transien1
hase cell cycle arrest observed in Vitamin D3-treated tumo
ells harboring functional p53[10,54], and is further consis
ent with the assumption that inhibition of Plk1 signaling m
ensitize breast cancer cells to apoptosis in radiation the

cknowledgements

This work was supported by U.S. Army Medical Resea
nd Materiel Command Award DAMD17-01-1-0441, Am

can Institute for Cancer Research Award O2-A068-R
nd Associates for Breast and Prostate Cancer Studie
ngeles. Dr. Gupta was supported by American Institute
ancer Research Award 00B068. Flow cytometry was
orted in part by NIH Grant P30 CA16059.

eferences

[1] C.M. Hansen, L. Binderup, K.J. Hamberg, C. Carlberg, Vitami
and cancer: effects of 1,25(OH)2D3 and its analogs on growth
trol and tumorigenesis, Front Biosci. 6 (2001) 820–848.

[2] K.W. Colston, A.G. Mackay, S.Y. James, L. Binderup, S. Chan
R.C. Coombes, EB1089: a new vitamin D analogue that inh
the growth of breast cancer cells in vivo and in vitro, Bioch
Pharmacol. 44 (12) (1992) 2273–2280.

[3] Y. Tanaka, A.Y. Wu, N. Ikekawa, K. Iseki, M. Kawai, Y. Kobayas
Inhibition of HT-29 human colon cancer growth under the re
capsule of severe combined immunodeficient mice by an ana
of 1,25-dihydroxyvitamin D3 DD-003, Cancer Res. 54 (19) (19
5148–5153.
in 1,25-dihydroxyvitamin D3-treated HL60 cells, Cancer Res
(14) (1997) 2851–2855.

13] M. Liu, M.H. Lee, M. Cohen, M. Bommakanti, L.P. Freedman, Tr
scriptional activation of the Cdk inhibitor p21 by vitamin D3 lea
to the induced differentiation of the myelomonocytic cell line U9
Genes. Dev. 10 (2) (1996) 142–153.

14] M. Simboli-Campbell, C.J. Narvaez, K. van Weelden, M. Ten
wood, J. Welsh, Comparative effects of 1,25(OH):2D3 and EB1
on cell cycle kinetics and apoptosis in MCF-7 breast cancer
Breast Cancer Res. Treat. 42 (1) (1997) 31–41.

15] C.J. Narvaez, J. Welsh, Role of mitochondria and caspases in v
D-mediated apoptosis of MCF-7 breast cancer cells, J. Biol. C
276 (12) (2001) 9101–9107.

16] F.A. Fornari Jr., D.W. Jarvis, S. Grant, M.S. Orr, J.K. Rando
F.K. White, D.A. Gewirtz, Growth arrest and non-apoptotic
death associated with the suppression of c-myc expression in M
breast tumor cells following acute exposure to doxorubicin, Bioch
Pharm. 51 (7) (1996) 931–940.

17] N.C. Watson, Y.M. Di, M.S. Orr, F.A. Fornari Jr., J.K. Randol
K.J. Magnet, P.T. Jain, D.A. Gewirtz, Influence of ionizing radia
on proliferation c-myc expression and the induction of apoptotic
death in two breast tumor cell lines differing in p53 status, Inte
J. Rad. Biol. 72 (5) (1997) 547–559.

18] S. Sundaram, D.A. Gewirtz, The vitamin D3 analog EB 1089
hances the response of human breast tumor cells to radiation
Res. 152 (5) (1999) 479–486.

19] S. Sundaram, M. Chaudhry, D. Reardon, M. Gupta, D.A. Gew
EB 1089 enhances the antiproliferative and apoptotic effects of
amycin in MCF-7 breast tumor cells, Breast Cancer Res. Trea
(1) (2000) 1–10.

20] M. Chaudhry, S. Sundaram, C. Gennings, H. Carter, D.A. Gew
The vitamin D analog ILX-23-7553 enhances the respons
adriamycin and irradiation in MCF-7 breast tumor cells, Ca
Chemother. Pharmacol. 47 (5) (2001) 429–436.

21] M.K. Polar, C. Gennings, M. Park, M.S. Gupta, D.A. Gewirtz, Ef
of the vitamin D3 analog ILX 23-7553 on apoptosis and sens
ity to fractionated radiation in breast tumor cells and normal



374 G.A. DeMasters et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 365–374

man fibroblasts, Cancer Chemother. Pharmacol. 51 (5) (2003) 415–
421.

[22] A.S. Lichter, T.S. Lawrence, Recent advances in radiation oncology,
New Eng. J. Med. 332 (6) (1995) 371–379.

[23] A. Haimovitz-Friedman, C.C. Kan, D. Ehleiter, R.S. Persaud, M.
McLoughlin, Z. Fuks, R.N. Kolesnick, Ionizing radiation acts on
cellular membranes to generate ceramide and initiate apoptosis, J.
Exp. Med. 180 (2) (1994) 525–535.

[24] J.M. Michael, M.F. Lavin, D.J. Watters, Resistance to radiation-
induced apoptosis in Burkitt’s lymphoma cells is associated with
defective ceramide signaling, Cancer Res. 57 (16) (1997) 3600–
3605.

[25] S.J. Chmura, E. Nodzenski, M.A. Beckett, D.W. Kufe, J. Quin-
tans, R.R. Weichselbaum, Loss of ceramide production confers re-
sistance to radiation-induced apoptosis, Cancer Res. 57 (7) (1997)
1270–1275.

[26] X. Liu, R.L. Erikson, Polo-like kinase (Plk) 1 depletion induces
apoptosis in cancer cells, PNAS 100 (10) (2003) 5789–5794.

[27] V.A.J. Smits, R. Klompmaker, L. Arnaud, G. Rijksen, E. Nigg, R.H.
Medema, Polo-like kinase-1 is a target of the DNA damage check-
point, Nature Cell Biol. 2 (9) (2000) 672–676.

[28] S.E. Holt, J.C. Norton, W.E. Wright, J.W. Shay, Comparison of
the telomeric repeat amplification protocol (TRAP) to the new
TRAP-eze telomerase detection kit, Methods Cell Sci. 18 (1996)
237–248.

[29] Q. Wang, W. Yang, M.S. Uytingco, S. Christakos, R. Wieder, 1,25-
Dihydroxyvitamin D3 and all-trans-retinoic acid sensitize breast can-
cer cells to chemotherapy-induced cell death, Cancer Res. 60 (7)
(2000) 2040–2048.

[30] Y. Gavrieli, Y. Sherman, S.A. Ben-Sasson, Identification of pro-
NA

[ ay for
.

[ kel-
M.
uman
95)

[ -
ity to

[ pain,
mal
oxi-

[ F.K.
rtz,
scent
ssion
re to
(7)

[ th,
, A
go ter-
ancer

[ on-
e in
tion,

[ se,
Po-
520

(ONYX-015) in human malignant glioma xenografts, Br. J. Cancer
89 (3) (2003) 577–584.

[39] A.J. Schueneman, E. Himmelfarb, L. Geng, J. Tan, E. Donnelly, D.
Mendel, G. McMahon, D.E. Hallahan, SU11248 maintenance ther-
apy prevents tumor regrowth after fractionated irradiation of murine
tumor models, Cancer Res. 63 (14) (2003) 4009–4016.

[40] A.G. Charles, T.Y. Han, Y.Y. Liu, N. Hansen, A.E. Giuliano, M.C.
Cabot, Taxol-induced ceramide generation and apoptosis in human
breast cancer cells, Cancer Chemother. Pharmacol. 47 (5) (2001)
444–450.

[41] A.H. Ree, A. Bratland, R.V. Nome, T. Stokke, O. Fodstad, Repres-
sion of mRNA for the PLK cell cycle gene after DNA damage
requires BRCA1, Oncogene 22 (4) (2003) 8952–8955.

[42] T. Vink-van Wijngaarden, H.A. Pols, C.J. Buurman, G.J. van den
Bemd, L.C. Dorssers, J.C. Birkenhager, J.P. van Leeuwen, Inhibition
of breast cancer cell growth by combined treatment with vitamin D3
analogues and tamoxifen, Cancer Res. 54 (21) (1994) 5711–5717.

[43] Y.L. Cho, C. Christensen, D.E. Saunders, W.D. Lawrence, G.
Deppe, V.K. Malviya, J.M. Malone, Combined effects of 1,25-
dihydroxyvitamin D3 and platinum drugs on the growth of MCF-7
cells, Cancer Res. 51 (11) (1991) 2848–2853.

[44] B.W. Light, W.D. Yu, M.C. McElwain, D.M. Russell, D.L. Trump,
C.S. Johnson, Potentiation of cisplatin antitumor activity using a
vitamin D analogue in a murine squamous cell carcinoma model
system, Cancer Res. 57 (17) (1997) 3759–3764.

[45] A. Ravid, D. Rocker, A. Machlenkin, C. Rotem, A. Hochman, G.
Kessler-Icekson, U.A. Liberman, R. Koren, 1,25-Dihydroxyvitamin
D3 enhances the susceptibility of breast cancer cells to doxorubicin-
induced oxidative damage, Cancer Res. 59 (4) (1999) 862–867.

[46] P.A. Hershberger, W.D. Yu, R.A. Modzelewski, R.M. Rueger, C.S.
en-
cel-
2001)

[ J.W.
5-
Clin

[ cal-
mits
.

[ ell in
ich in-
–235.

[ es, E.
tent
mor
fts in

[ hat?
r cells,

[ reb-
sion
es. 59

[ uf-
s: a
2002)

[ .E.
J.P.
1, is
ncer
grammed cell death in situ via specific labeling of nuclear D
fragmentation, J. Cell Biol. 119 (3) (1992) 493–501.

31] P.M. Kanter, H.S. Schwartz, A fluorescence enhancement ass
cellular DNA damage, Mol. Pharmacol. 22 (1) (1982) 145–151

32] G.P. Dimri, X. Lee, G. Basile, M. Acosta, G. Scott, C. Ros
ley, E.E. Medrano, M. Linskens, I. Rubelj, O. Pereira-Smith,
Peacocke, J. Campisi, A biomarker that identifies senescent h
cells in culture and in aging skin in vivo, PNAS 92 (20) (19
9363–9367.

33] A. Lucci, T.Y. Han, Y.Y. Liu, A.E. Giuliano, M.C. Cabot, Modifi
cation of ceramide metabolism increases cancer cell sensitiv
cytotoxics, Int. J. Oncol. 15 (3) (1999) 541–546.

34] D.S. Bae, C. Gennings, W.H. Carter Jr., R.S. Yang, J.A. Cam
Statistical analysis of interactive cytotoxicity in human epider
keratinocytes following exposure to a mixture of four metals, T
col. Sci. 63 (1) (2001) 132–142.

35] F.A. Fornari Jr., W.D. Jarvis, S. Grant, M.S. Orr, J.K. Randolph,
White, V.R. Mumaw, E.T. Lovings, R.H. Freeman, D.A. Gewi
Induction of differentiation and growth arrest associated with na
(nonoligosomal): DNA fragmentation and reduced c-myc expre
in MCF-7 human breast tumor cells after continuous exposu
a sublethal concentration of doxorubicin, Cell Growth Diff. 5
(1994) 723–733.

36] B.D. Chang, E.V. Broude, M. Dokmanovic, H. Zhu, A. Ru
Y. Xuan, E.S. Kandel, E. Lausch, K. Christov, I.B. Roninson
senescence-like phenotype distinguishes tumor cells that under
minal proliferation arrest after exposure to anticancer agents, C
Res. 59 (15) (1999) 3761–3767.

37] L.W. Elmore, C.W. Rehder, X. Di, P.A. McChesney, C.K. Jacks
Cook, D.A. Gewirtz, S.E. Holt, Adriamycin-induced senescenc
breast tumor cells involves functional p53 and telomere dysfunc
J. Biol. Chem. 277 (38) (2003) 35509–35515.

38] B. Geoerger, J. Grill, P. Opolon, J. Morizet, G. Aubert, Y. Leclu
V.W. van Beusechem, W.R. Gerritsen, D.H. Kirn, G. Vassal,
tentiation of radiation therapy by the oncolytic adenovirus dl1
Johnson, D.L. Trump, Calcitriol (1,25-dihydroxycholecalciferol):
hances paclitaxel antitumor activity in vitro and in vivo and ac
erates paclitaxel-induced apoptosis, Clin. Cancer Res. 7 (4) (
1043–1051.

47] D.C. Smith, C.S. Johnson, C.C. Freeman, J. Muindi,
Wilson, D.L. Trump, A Phase I trial of calcitriol (1,2
dihydroxycholecalciferol) in patients with advanced malignancy,
Cancer Res. 5 (6) (1999) 1339–1345.

48] T.M. Beer, M. Munar, W.D. Henner, A Phase I trial of pulse
citriol in patients with refractory malignancies: pulse dosing per
substantial dose escalation, Cancer 91 (12) (2001) 2431–2439

49] D.A. Gewirtz, Growth arrest and cell death in the breast tumor c
response to ionizing radiation and chemotherapeutic agents wh
duce DNA damage, Breast Cancer Res. Treat. 62 (3) (2000) 223

50] S. Sundaram, A. Sea, S. Feldman, R. Strawbridge, P.J. Hoop
Demidenko, L. Binderup, D.A. Gewirtz, The combination of a po
Vitamin D3 analog, EB 1089, with ionizing radiation reduces tu
growth and induces apoptosis of MCF-7 breast tumor xenogra
nude mice, Clin. Cancer Res. 9 (6) (2003) 2350–2356.

51] I.B. Roninson, E.V. Broude, B.D. Chang, If not apoptosis, then w
Treatment-induced senescence and mitotic catastrophe in tumo
Drug Resist Update 4 (5) (2001) 303–313.

52] R. Knecht, R. Elez, M. Oechler, C. Solbach, C. von Ilberg, K. St
hardt, Prognostic significance of Polo-like kinase (PLK) expres
in squamous cell carcinomas of the head and neck, Cancer R
(12) (1999) 2794–2797.

53] L. Kneisel, K. Strebhardt, A. Bernd, M. Wolter, A. Binder, R. Ka
mann, Expression of polo-like kinase (PLK1) in thin melanoma
novel marker of metastatic disease, J. Cutan. Pathol. 29 (6) (
354–358.

54] A. Bratland, K. Risberg, G.M. Maelandsmo, K.B. Gutzkow, O
Olsen, A. Moghaddam, M. Wang, C.M. Hansen, H.K. Blomhoff,
Berg, O. Fodstad, A.H. Ree, Expression of a novel factor, com
regulated by 1,25-dihydroxyvitamin D3 in breast cancer cells, Ca
Res. 60 (19) (2000) 5578–5583.


	Potentiation of cell killing by fractionated radiation and suppression of proliferative recovery in MCF-7 breast tumor cells by the Vitamin D3 analog EB 1089
	Introduction
	Materials and methods
	Materials
	Cell culture and treatment protocols
	Cell viability and clonogenic survival
	TUNEL assay for apoptosis
	Propidium iodide staining and flow cytometry
	Alkaline unwinding assay
	Beta-galactosidase histochemical staining
	Ceramide analysis
	Northern blot analysis
	Measure of synergism versus additivity

	Results
	Effects of EB 1089 and fractionated radiation on cell viability and clonogenic survival of MCF-7 cells
	Effects of EB 1089 and fractionated radiation on apoptosis in MCF-7 cells
	Influence of EB 1089 on the temporal response to fractionated radiation on MCF-7 cells
	Induction of senescence by fractionated irradiation
	Generation of ceramide by EB 1089 and ionizing radiation
	EB 1089 promotes radiation-induced down-regulation of Polo-like kinase 1 in MCF-7 cells

	Discussion
	Acknowledgements
	References


