Available online at www.sciencedirect.com
The Journal of

SCIENCE @ DIRECT® Steroid Biochemistry
&
erneilas Molecular Biology
LSEVIER Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 365-374

www.elsevier.com/locate/jsbmb

Potentiation of cell killing by fractionated radiation and
suppression of proliferative recovery in MCF-7 breast
tumor cells by the Vitamin Panalog EB 1089

Gerald A. DeMastefst, Mona S. Gupta?!, Kara R. Jonés Myles Cabdh,
Hongtao WanB, Chris Gennings Misook ParK, Ase Bratland,
Anne H. Reé&, David A. Gewirt?*
a Department of Pharmacology/Toxicology and Medicine, Virginia Commonwealth University, Medical College of Virginia,
P.O. Box 980230, Richmond, VA 23298, USA
b John Wayne Cancer Institute, 2200 Santa Monica Blvd., Santa Monica, CA 90404, USA

¢ Department of Biostatistics, Virginia Commonwealth University, Medical College of Virginia, P.O. Box 980030, Richmond, VA 23298, USA
d Departments of Tumor Biology and Oncology, The Norwegian Radium Hospital, Montebello, 0310 Oslo, Norway

Received 5 April 2004; accepted 26 July 2004

Abstract

A senescence-like growth arrest succeeded by recovery of proliferative capacity was observed in MCF-7 breast tumor cells exposed to
fractionated radiation, & 2 Gy. Exposure to EB 1089, an analog of the steroid hormeon&3 dihydroxycholecalciferol @, 25 dihydroxy
Vitamin Dj; calcitriol), prior to irradiation promoted cell death and delayed both the development of a senescent phenotype and the recovery
of proliferative capacity. EB 1089 also reduced clonogenic survival over and above that produced by fractionated radiation alone and further
conferred susceptibility to apoptosis in MCF-7 cells exposed to radiation. In contrast, EB 1089 failed to enhance the response to radiation
(or to promote apoptosis) in normal breast epithelial cells or BJ fibroblast cells. EB 1089 treatment and fractionated radiation additively
promoted ceramide generation and suppressed expression of polo-like kinase 1. Taken together, these data indicate that EBa1089 (and 1
25 dihydroxycholecalciferol or its analogs) could selectively enhance breast tumor cell sensitivity to radiation through the promotion of cell
death, in part through the generation of ceramide and the suppression of polo-like kinase.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction ycholecalciferol)[1-3]. Because of limitations to the con-
centrations of 1,25(OH)D3 that can be achieved in the clinic
The growth of various tumor cell lines, both in cell before hypercalcemia is evidedf, a number of 1,25(0OH)
culture and in the form of xenografts, have been shown to D3 analogs, such as EB 1089 (seocalcitol;S1(R)-
be sensitive to the metabolically active form of Vitamig,D  dihydroxy-20R)-(5'-ethyl- 5 - hydroxy - hepta - AE),3 (E)-
1,25-dihydroxyvitamin 3 (1,25(OH} D3; 1, 25 dihydrox- dien-2-yl)-9,10-secopregna-BJ,7(E),10(19)-triene), have
been synthesized with reduced hypercalcemic actjgity
—_— Vitamin D3 and its analogs may exert their antiprolif-
lat Presented in part at the 93rd and 94th Annual Meetings of the American grative effects via mu|t|p|e pathways which include cross-
o 2 830 o003 o +1 60 sz oz, 12K ith the estrogen signaling pathw, modlulation of
E-mail addressgewirtz@hsc.vcu.edu (D.A. Gewirtz). growth factor respons¢g], differentiation inductiorj8], in-
1 Authors contributed equally to this manuscript. duction of cell cycle regulatory proteirj9—13], as well as
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the promotion of apoptosid4,15] Studies in this labora-  University School of Medicine, Baltimore, MD), whereas
tory have shown that MCF-7 breast tumor cells are relatively the human cyclin D1 cDNA kindly was provided by Dr. D.
refractory to apoptosis in response to clinically relevant con- Beach (Howard Hughes Medical Institute, Cold Spring Har-
centrations of adriamycifil6] as well as to ionizing radia-  bor, NY). RPMI 1640 and supplements were obtained from
tion, even at relatively high dos¢t7]. However, apoptosis ~ GIBCO Life Technologies, Gaithersburg, MD. Reagents used
was evident in MCF-7 cells exposed to either adriamycin or for the TUNEL assay (terminal transferase, reaction buffer,
radiation when exposure to these agents was preceded by inand Fluorescein-dUTP) were purchased from Boehringer
cubation of the cells in the presence of Vitamig &nhalogs, Manheim, Indianapolis, IN. X-gal was obtained from Gold
indicating that these compounds may selectively manipulate Biotechnology, St. Louis, MO. All other reagents used in the
the signaling pathway that is permissive for apoptotic cell study were analytical grade.
death in MCF-7 breast tumor ce[s8-21]

Previous work from this laboratory describing the inter- 2.2 Cell culture and treatment protocols
action of Vitamin 3 and its analogs with ionizing radiation

[18,20]involved a single dose of radiation, generally focus- Al celllines were grown from frozen stocks in basal RPMI
ing on a supraclinical (10 Gy) dose. However, sensitization 1640 medium supplemented with 10% fetal calf serum, 2 mM
was most pronounced at lower doses in the range of 2 Gy. As.-glutamine, penicillin/streptomycin at 3 under a humid-
breast cancer is routinely treated using multiple fractionated jfied, 5% CQ atmosphere. In all studies, MCF-7 cells were
low doses of radiation in the range of 2 Gy to minimize nor- exposed either to EB 1089 (100 nM) alone for 72 h, five frac-
mal tissue toxicityf22], the present studies were designed to tions of 2 Gy gamma radiation administered on three con-
extend the previous findings by assessing the interaction ofsecutive days (using a cesium irradiator at a dose rate of
the 1,25(0OH) D3 analog, EB 1089, with a cumulative dose 3 Gy/m)! or EB 1089 for 72 h followed by fractionated radi-
of 10 Gy administered in 2 Gy fractions. The time course of ation (again, five fractions administered on three consecutive
the response was evaluated in order to distinguish betweergays). For the studies in which EB 1089 preceded irradiation,
effects on growth arrest and cell death, as well as to assesshe EB 1089 was removed and the cells washed twice with
the influence of EB 1089 on radiation-induced senescence arphosphate buffered saline prior to irradiation. This sequence
rest. The question of therapeutic ratio was also addressed byof exposure was based on the studies by Wang €28].
evaluating the effects of this combination in two normal cell which have demonstrated a requirement for prolonged incu-
lines, human breast epithelial cells and human fibroblasts.  pation with Vitamin I or its analogs to promote sensitivity

In order to evaluate possible mechanisms underlying to adriamycin, as well as our own previous w§to—21]
the ability of EB 1089 to promote radiation-induced cell

death, the generation of ceramide was assessed, as several
groups have demonstrated the association of ceramide with
radiation-induced cell deafl23-25] Effects on expression

of Polo-like kinase 1 (PIk1) were examined since depletion arigys time points starting 6 h after the last dose of radiation.

of PIk1 is associated with tumor cell apoptof2$], while Cells were harvested using trypsin, stained with 0.4% trypan
the mechanism of tumor cell response to radiation involves | ;e dye, and counted using phase contrast microscopy.

activation of.the gell cycle gcheckpoint through inhibition For clonogenic survival studies, cells were trypsinized un-
of the Polo-like kinase 127]. der sterile conditions following EB 1089 and/or radiation and
plated in triplicate in six well tissue culture dishes at the ap-
propriate density for each condition. After 14 days, the cells
were fixed with 100% methanol, air-dried for 1-2 days and
stained with 0.1% crystal violet. For computing the survival
fraction, groups of 50 or more cells were counted as colonies.
Data were normalized relative to untreated controls which
were taken as 100% survival.

3. Cell viability and clonogenic survival

Cell viability was determined by trypan blue exclusion at

2. Materials and methods
2.1. Materials

The p53 wild-type MCF-7 human breast tumor cell line
was obtained from NCI, Frederick, MD. EB 1089 was pro-
vided by Dr. Lise Binderup, Leo Pharmaceuticals, Denmark.
Normal human mammary epithelial cells were obtained from
Clonetics, San Diego, CA; human foreskin BJ fibroblasts,
originally generated by Dr. JR Smith at the Baylor Col-
lege of Medicine, were obtained from Dr. Jerry Shay at the
University of Texas Southwestern Medical Cerj&28]. Hu-
man cDNA clones for PLK and CCNB1 were obtained from
RZPD Deutsches Ressourcenzentrim®enomforschung ! In some experiments, radiation was administered daily at doses of 2 Gy

GmbH (Berlin, Germany). The human cDNA probe for Cy-  over a period of 5 days. The response of the cells was essentially identical
clin B1 was a gift from Dr. B. Vogelstein (The John Hopkins  for both patterns of irradiation.

2.4. TUNEL assay for apoptosis

The method of Gavrielli et a[30] was utilized as an in-
dependent assessment of apoptotic cell death in combined
cytospins containing both adherent and non-adherent cells.
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Cells were fixed and the fragmented DNA in cells undergo- by gel electrophoresis before transfer onto Hybond-N+ mem-

ing apoptosis was detected using the In Situ Cell Death De- branes (Amersham Pharmacia Biotech, Uppsala, Sweden).

tection Kit (Boehringer-Manheim), where strand breaks are The cDNA probes were labeled wita{32P]JdCTP (Amer-

end labeled with fluorescein dUTP by the enzyme terminal sham Pharmacia Biotech) by random priming technique, and

transferase. Cells were then washed, mounted in Vectashieldstandard Church hybridization conditions were used. To eval-

and photographed using a Nikon fluorescent microscope. uate the amounts of RNA loaded, the filters were rehybridized
to a kinase-labeled oligonucleotide probe complementary to

2.5. Propidium iodide staining and flow cytometry nucleotides 287-305 of human 18S rRNA.

After treatment with EB 1089 and/or fractionated radia- 2-10. Measure of synergism versus additivity
tion, cells were harvested using trypsin, pelleted by centrifu-
gation and washed twice with PBS. Cellular DNA was la- ~ The predicted response for the cell viability as-
beled by resuspendingd10° cells in 1 ml propidium iodide =~ sa&y was determined using the following model:
staining solution (3.8 mM NaCitrate, 0.05 mg/ml propidium Y=y eXp(=exp(—(Bo+ Bix1 + B2X2))) +¢, Where y s
iodide, 0.1% triton X-100, 9 K units/ml RNase B). Cellswere the predicted response (% reduction in cell viability),
analyzed for DNA content with a Beckman Coulter XL-MCL is concentration of EB 1089 (nM) is the fractionated

flow cytometer. A minimum of 25,000 events were collected radiation dose (Gy)y is an unknown parameter associated
for each sample. with the maximum effect responsgp is an unknown

parameter associated with the interceptgisan unknown
parameter associated with the slopexgf and B, is an
unknown parameter associated with the slopgot 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

2.6. Alkaline unwinding assay

The induction of DNA fragmentation was substantiated
using the alkaline unwinding ass§g/l1] as described previ-
ously [18]. Briefly, this involved determination of the ratio
of double stranded and single stranded DNA after exposure o ; .
to the various agent§-values[31] were converted to radia- range of the drug/radiation. The Gauss—Newton iterative

tion equivalence based on standardization of the assay using?lgdomhm was usec_i N PROAC\: NLIN ITI SASf(verig_n_&Ol) to
graded doses of radiation. ind parameter estimates. An overall test for additiBy]

was based on testing the hypothesis that the mean response
under the hypothesis of additivity is the true mean response
at the observed mixture points. The estimated responses for
the true means were provided by the sample means at each
mixture group.

2.7. Beta-galactosidase histochemical staining

At the appropriate times after treatment, cells were
washed twice with PBS and fixed with 2% formaldehyde,
0.2% glutaradehyde for 5 min. The cells were then washed
again with PBS and stained with a solution of 1 mg/ml 3. Results
5-bromo-4-chloro-3-inolyB-galactosidase in dimethylfor-
mamide (20 mg/ml stock), 5mM potassium ferrocyanide
5mM potassium ferricyanide, 150 mM NaCl, 40 mM citric
acid/sodium phosphate, pH 6.0, and 2 mM Mg({32]. Fol-
lowing overnight incubation at 3C, the cells were washed
twice with PBS, and photographed with a light microscope.

' 3.1. Effects of EB 1089 and fractionated radiation on
cell viability and clonogenic survival of MCF-7 cells

Previous studies from this laboratory have demonstrated
that the Vitamin @ analog EB 1089 enhances the response
of both MCF-7 and ZR-75-1 breast tumor cells to ionizing
2.8. Ceramide analysis radiation[18,20] Effects on the response of MCF-7 cells to

adriamycin were also reportdd9]. In the current studies,

Cell radiolabeling withH]palmitic acid, lipid extraction,  radiation was administered in 2 Gy fractions, an experimen-
and analysis offH]ceramide by thin layer chromatography  ta| condition that more closely refiects the manner in which
were conducted as described previoud§]. Lipids were  radiation is administered to patients in the clinical setting. As
visualized in iodine vapor. Commercial standards were co- shown |nF|g 1A, fractionated radiation (five da||y doses of
chromatographed and spots were scraped and analyzed fop Gy) and EB 1089 (100 nM for 72 h) each alone respectively

tritium by liquid scintillation counting. produced a 75% and 84% reduction in cell number compared
to the untreated control, while treatment with EB 1089 prior
2.9. Northern blot analysis to fractionated radiation reduced viable cell number by 98%.

In separate studies, prior exposure to EB 1089 failed to
Total RNA was extracted and analyzed by standard North- modify the response to fractionated radiation in either nor-
ern blotting technique. Samples of 1§ RNA were resolved mal breast epithelial cells or normal human fibroblasts (data
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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 @M) for 7
followed by fractionated radiation (6 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-rBe&. of three experiments.)(Significantly different than controp( 0.05); (*)
significantly different than fractionated radiation or EB 1089 algne(@.05). (B) Clonogenic survival of MCF-7 cells after exposure to either 100 nM EB1089,

5 x 2 Gy fractionated irradiation, or EB 1089 followed byx® Gy IR. Data represent mearrange from two independent experiments. $ignificantly
different than control>0.05); (") significantly different than fractionated radiation or EB 1089 alqne@.05).

not shown). These findings are similar to those reported pre-  The cell viability studies were substantiated by assessment
viously, demonstrating a lack of potentiation of the response of clonogenic survivalFig. 1B indicates that while EB 1089

to radiation by the Vitamin B analog, ILX23-7553 (1,25-
dihydroxy-16-ene-23-yne Vitamind), in human fibroblasts
[21].

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

Statistical analysis was performed on the data presentedsurvival by almost 70%. In separate studies (not shown), ex-
above to determine whether the observed effects of theposure of the cells to EB 1089 for 72 h prior to radiation

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 (5x 0.5Gy, 5x 1.0 Gy, 5x 2.0 Gy, and 5« 3.0 Gy),
concentration-effect data of EB 1089 alone (5, 10, 50,
100, 200nM), and a mixture point of the sequence of
(100nM) EB 1089 followed by % 2 Gy radiation. The
endpoint of interest was percent reduction in cell viabil-
ity 24h after treatmentTable 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).

resulted in a six-fold reduction in the cumulative radiation
dose which produces a 50% reduction in clonogenic survival
(from 5x 3Gy to 5x 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 differgnt0(917);
therefore the assumption of additivity is not rejected.



G.A. DeMasters et al. / Journal of Steroid Biochemistry & Molecular Biology 92 (2004) 365-374 369

Control EB 1089 5X2Gy EB 1089 + 5X 2 Gy

(A)
Control EB 1089 5X 2 Gy EB 1089 + 5X 2 Gy

63?
B34
619
553

G,: 48.4 G,: 69.4 | G,: 74.6 G: 714
S: 32.0 S:14.0 | $:2.9 S:2.7

G,/M: 18.1 G,/M: 15.1 G,/M: 20.5 G,/M:19.2
Sub G,: 1.2 Sub G,: 1.2 | Sub G,: 1.8 Sub G: 6.4

(B) FL3LIN FLALIN FLALIN FL3LIN

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 masediter

by fluorescent end-labeling. Cells were isolated following the fifth dose of radiation, cytospun onto glass slides, and stained according to thefddblEL

as described in materials and methods. Magnification.Z8) The fraction of cells in different phases of the cell cycle (with a particular emphasis on cells
with a sub G/G;1 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. Thaxis represents the degree of fluorescence (FL3 stands for fluorochrome 3) whilaxisareflects

the number of cells (control—peak at 636; EB 1089—peak at 8342 &y—peak at 619; EB 1089 +62 Gy—peak at 563). Similar profiles were generated

in duplicate experiments.

3.2. Effects of EB 1089 and fractionated radiation on Table 2
apoptosis in MCF-7 cells DNA fragmentation assay in MCF-7 cells
RAD equivalents
We have previously reported that while breast tumor cells control 96+ 2
are refractory to apoptosis in response to DNA damage by ra-EB 1089 187+ 4
diation[17], as well as clinically relevant doses of adriamycin 2 x2GY 100+ 3
EB 1089 +5x 2 Gy 1082+ 8

[16,35], apoptosis is detected in response to adriamycin andAIk ; oo ed ity th F DNA f
. . Fr : . H aline unwinding was utilized to quantify the extent o ragmen-
(relatively high doses of) radiation in the presence of Vitamin tation in MCF-7 cells 24h after exposure to EB 1089 Gy or EB

D3 analogg18-20} In order to determine whether EB 1089  14g9 ., 5, 2 Gy. Data are expressed as meamnge of two independent
might promote susceptibility to apoptosis in MCF-7 cells af- experiments.
ter the relatively low fractionated radiation doses used in the

current studies, apoptosis was evaluated using three separalfq ce|| cycle, consistent with the known modes of actions of
approaches, TUNEL analysis, propidium iodide (Pl) stain- {hase individual treatments.

ing/flow cytometry, and alkaline unwinding. , A quantitative increase in apoptosis by the combination
The results of both the TUNEL assay presenteliin 2A of EB 1089 with fractionated radiation was confirmed by

and Pl_s_talmng/_flow cytometry pre_se_ntedFFrg. 28 indi- the alkaline unwinding assay shownTable 2 DNA frag-

cate minimal evidence for apoptosis in MCF-7 cells treated ontation did not exceed baseline levels for radiation alone,

with EB 1089 (100 nM) or fractionated radiationX®2Gy) ~ \ypile a relatively small degree of fragmentation (equivalent
alone. However, a low, but significant degree of apoptosis v, .1 Gy when corrected for baseline levels of fragmenta-
was clearly evident when radiation was preceded by expo-jon) was evident with EB 1089 alone. The combination of
sure to EB 1089. The flow cytometry data indicate that the £g10gg with fractionated radiation produced an approxi-
fraction of apoptotic cells (subdbhase) was approximately 5161y 10-fold increase in DNA fragmentatidii. should be

6%, a 3.5-fold incre_a;e over that observed with radiation or emphasized that this assay is being utilized to measure (de-
EB 1089 alone. A similar percentage (between 5 and 7%) 0f |5y e64) DNA fragmentation rather than direct and immediate
apoptotic cells was detected at 3 and 5 days after the last dosy\ A strand breaks produced by irradiation.

of radiation (data not shown). The flow cytometry data pre-
sented irFig. 2B also show that both EB 1089 and radiation
each alone promote a marked reduction in the S phase popu-

. . . 2 Possible reasons for the discrepancy \ligle 2are addressed in the
lation, as well as an accumulation of cells in theghase of discussion
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3.3. Influence of EB 1089 on the temporal response to Invivo studies using tumor cell xenografts exposedtoirra-
fractionated radiation on MCF-7 cells diation generally show a transient growth inhibition followed
by tumor regrowth (i.e. tumor growth delaj38,39] The

Our previous studies have assessed single time point retemporal response studies presenteHign 3A also demon-
sponses to radiation alone and radiation exposure subsequerstrate “tumor cell regrowth” in the MCF-7 cell culture model
to the Vitamin 3 analogs. In order to distinguish between system. In cells exposed to fractionated radiation alone, a co-
growth arrest and cell death responses, MCF-7 cells werehort of cells demonstrated proliferative activity by 14 days.
treated with EB 1089 alone,62 Gy, or EB 1089 followed In contrast, in the cells exposed to EB 1089 prior to irradi-
by 5 x 2 Gy and cell viability was determined at differenttime  ation, proliferative recovery was significantly delayed. As a
points of up to 21 days post-irradiatidriig. 3A shows the consequence, the number of viable cells remaining 14 days
fold increase in cell number at various times post-irradiation after treatment with EB 1089 followed by radiation is approx-
compared to the number of cells present at the initiation of the imately 5% of that observed in cells exposed to fractionated
radiation treatment. Cells exposed to radiation alone contin- radiation alone.
ued to proliferate, albeit at a reduced rate, during the course
of radiation exposure, and subsequently arrested for a pe-3 5. Generation of ceramide by EB 1089 and ionizing
riod of 7-10 days. Pretreating MCF-7 cells with EB 1089 (adiation
markedly alters the cellular response to subsequent radia-

tion. Of note is the observation that the cells do not appear to Ceramide generation has been associated with promotion
prOliferate during the radiation treatméhand as shown in of apoptosis by ionizing radiation as well as chemothera-
Fig. 3A, cell death appears to be the primary initial response peutic agents such as ta@B—25,40] To evaluate whether
to radiation in cells primed by exposure to EB 1089. By 24h ceramide was generated in association with EB 1089 and
post-irradiation, approximately 20% of the original cell pop-  radiation-induced cell death, MCF-7 cells were treated with
ulation has been lost, while by 5 days post-irradiation, almost Eg 1089, ionizing radiation, or EB 1089 followed by radi-
80% of the cells have died. ation and analyzed for ceramide generation. These studies
were performed utilizing a 10 Gy dose of radiation (rather
3.4. Induction of senescence by fractionated irradiation than fractionated doses 0662 Gy) in order to generate suf-
ficient ceramide to be detectable within the sensitivity limits
As shown inFigs. 2B and 3A growth arrest is evident  ofthis assay. We felt that this approach would establish “proof
after radiation alone and in cells which have been exposed toof principle” as the effects of EB 1089 on the response to ra-
EB 1089 prior to irradiation. However, under the latter con- djation are similar with a single high dose of radiation and
ditions, the growth arrest is delayed by cell death. Studies |ower fractionated dose3able 3indicates that EB 1089 in-
by Chang et al[36], as well as our own published dd4&v] creases the ceramide levels within the cell to 132% of control
and unpublished work have identified a senescence arrest values. A single dose of radiation (10 Gy) likewise elicited
response to both adriamycin and high dose radiation. In orderan increase (148% of control) in ceramide. The combination

to determine whether the growth arrest associated with EB of EB 1089 with radiation resulted in an essentially additive
1089 and/or fractionated irradiation in MCF-7 cells is char- increase in ceramide levels (172% of control).

acteristic of senescence, staining with the senescence marker

Beta-galactosidase was evaluated. As sho#ign3B, while 3.6. EB 1089 promotes radiation-induced

cells treated with EB 1089 alone do not stain positive for beta- down-regulation of Polo-like kinase 1 in MCF-7 cells
galactosidase, cells exposed ta 2 Gy radiation alone show

a strong beta-galactosidase signal by 72 h post-irradiation, We have recently reported that cell cycle arrest at thit/G

399965“”9 that'these cells are undergoing senescence arresBoundary after radiation involves repression of the gene for
Fig. 3B also indicates that EB 1089 treatment does not pre- PlIk1, PLK[41]. In order to determine whether EB 1089 pre-

vent radiation-induced senescence; however, the senescentasiment could modify this response, PLK mRNA expres-

response is delayed until 5-7 days after radiation, in large gj,, \yas assessed after radiation exposure of MCF-7 cells
part because the primary response to the EB 1089-radiation

combination is cell death. Table 3

Ceramide generation in MCF-7 cells

3 Cells transiently exposed to EB 1089 alone demonstrate a reduced rateTreatment Ceramide (% of control)
of growth (approximately 50%), but recover quickly once removed from the
presence of EB 1089. Untreated cells have a doubling time of 18-20 h (data

Control 100+ 5.5

co oo s
4 We cannot exclude the possibility that some cell proliferation and cell EB 1{‘)89+ 10Gy IR 171'& 4:5

death are occurring concomitantly after both radiation alone and the combi-
nation of EB 1089 with radiation. MCF-7 cells were treated with 100 nM EB 1089 for 72 h. EB 1089 was then

5 Manuscript in progress: ionizing radiation-induced senescence is asso-removed, [3H]palmitic acid was added, and cells were irradiated (10 Gy).
ciated with telomere dysfunction in p53 wild-type breast tumor cells. Data are expressed as mearange of two independent experiments.
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Fig. 3. (A) Proliferation time course of MCF-7 cells exposed te BGy 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 indiczigial@ys of
exposure. Data represent melarange of two independent experiments. (B) Beta-galactosidase expression after EB 2@39y3R, or EB 1089 followed

by 5x 2 Gy. Cells were treated and fixed after removal of EB 1089 or after indicated time following last dose of radiation.

PLK mRNA (2.1 kb)
cyclin B1 mRNA (1.5 kb)
p21 mRNA (2.1 kb)

cyclin D1 mRNA (4.7 kb)
18S rRNA

Time (h) 0 0 3 6 12| 3 6 12| 3 6 12| 3 6 12| 3 6 12

EB1089 | - | + + + + |- - —[|[+ + + |- - =+ + +
IR (Gy) 0 0 0 0 0 2 2 2 2 2 2 (10 10 10| 10 10 10

Fig. 4. Regulation of MRNA expression for cell cycle regulatory factors. MCF-7 cells were cultured in the abspoceresence (+) 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-discrepancy between the two analytical approaches may be
parison, the mRNA levels for cyclin B1, which is another the result of heavily fragmented DNA in the apoptotic cells.
radiation-sensitive regulatory factor in the @hase of the A 10-fold increase in overall DNA fragmentation could re-
cell cycle, as well as the Gphase regulatory factors were  sult from a 3.5-fold increase in the number of cells under-
also analyzedHig. 4). Whereas the single radiation dose going apoptosis as the DNA is being cleaved by apoptotic
of 2Gy was insufficient to cause any change in the level enzymes.
if PLK mRNA expression, a transient down-regulation of Whether the induction of apoptosis alone is sufficient to
PLK mRNA was observed after radiation with 10 Gy. Inter- explain the observed cell killing effects of EB 1089 followed
estingly, pretreatment with EB 1089 was clearly associated by radiation is not yet certain. Although we detect only 6%
with a similar repression of PLK mRNA after exposure to apoptotic cells after treatment, this reflects a snapshot of a
2 Gy, and also seemed to amplify the response of PLK mRNA single time point. Furthermore, a similar percentage of apop-
to 10 Gy. The regulatory responses of cyclin B1 mRNA were totic cells was evident at other time points. Assuming that
essentially identical to those of PLK mRNA. Although EB apoptotic cells do not survive for prolonged time periods,
1089 transiently increased the expression of p21 mRNA, thewe hypothesize that cell death by apoptosis may represent a
radiation-induced mRNA for p21 was not modified by the gradual process in this experimental model, with small co-
EB 1089 pretreatment. Finally, the mRNA for the ghase horts of cells undergoing apoptosis over a period of 1-7 days
cyclin D1 was unaltered by radiation exposure as well as EB until the bulk of the population has been decimated.
1089 treatment. These findings in a cell culture system have also been
substantiated in a breast tumor xenograft model sy§éin
Inthis work, treatment with EB 1089 followed by fractionated
4. Discussion radiation resulted in an accelerated decline in tumor volume
and the promotion of apoptosis. Itis of further importance to
A number of studies have demonstrated the utility of com- note that these studies showed no detectable toxicity to the
bining Vitamin D3 analogs with conventional chemothera- experimental animals.
peutic drugs such as tamoxifen, platinum compounds, and  Although our initial studies with EB 1089 followed by
adriamycin against a variety of tumor cell liN@9,42—-46] In fractionated radiation demonstrated a simple additive effect
addition, phase | clinical trials have suggested that high dose(Fig. 1andTable ), this conclusion was based on an evalu-
intermittent therapy withd, 25 dihydroxycholecalciferolit-  ation of cell number shortly after the last dose of radiation.
self is potentially saf@47,48] Breast tumor cells, in general, This approach appears to underestimate the potential value
tend to be refractory to apoptotic cell death in response to of this combination approach, since the extended time course
modalities that induce DNA damag&7,35,49] Our recent study inFig. 3A suggests a more pronounced impact on tu-
work [18-21] has focused on utilizing Vitamin $analogs mor cell growth. In addition to the finding that pretreatment of
such as EB 1089 and I1LX-23-7553 to confer susceptibility to MCF-7 cells with EB 1089 converts the initial growth arrest
apoptosis in response to adriamycin or ionizing radiation in response to cell death, resulting in a rapid and pronounced
the breast tumor cell. These studies have demonstrated thateduction in viable cell number within 3 days, the capacity of
pretreatment with EB 1089 or ILX-23-7553 followed by an residual cells to recover proliferative capacity appears to be
acute dose of adriamycin (dM) or a single (10 Gy) dose  markedly attenuated (although not entirely eliminated). This
of radiation resulted in enhanced cell killing, as well as in- observation could have clinical ramifications if Vitamiry D
creased DNA fragmentation indicative of apoptd$8-20] or Vitamin D3 analogs prove to lower the remaining tumor
Our recent short report indicated that an analog which is no volume post-irradiation and substantially increase the tumor
longer under development, ILX23-7553, promotes apoptosis growth delay after radiation therapy.
with fractionated radiatiorfi21]. The current work extends The dramatic effects observed in the time course study
these findings to a Vitamin Panalog in clinical trials, ex-  were not completely reflected in the clonogenic survival as-
amines the temporal response to EB 1089 and fractionatedsay. Although clonogenic survival is the “gold standard” for
radiation (a more clinically relevant approach), assesses ef-radiation responsiveness, it is possible that the “regrowth”
fects on clonogenic survival, cell cycle and senescence, asor “recovery” phenomenon is in some way dependent on the
well as addressing possible mechanisms of action of this se-presence of a surrounding cell population. We know from
guence of treatment. empirical experience that the MCF-7 cells grow quite slowly
This work supports our previous observations indicating at very low densities — and appear to require neighboring
that EB 1089 enhances susceptibility to radiation and pro- cells for optimal growth characteristics. It is possible that
motes apoptosid8,20] Three separate assays were used to after irradiation, dead or dying cells that retain some resid-
assess the enhanced apoptotic response observed when radial metabolic capacity might provide factors that promote
ation is preceded by exposure to EB 1089. The PI staining regrowth — which would not occur at the low density of
analyzed by flow cytometry yielded a 3.5-fold increase in plating for clonogenic survival assays. The identity of the “re-
apoptotic cells, while the alkaline unwinding assay showed covered” cells is under investigation, although studies from
a 10-fold increase in apoptotic cells. We believe that the the laboratory of Roninson support the concept that these
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recovered cells could be derived from the senescent cell pop- [4] D. Feldman, X.-Y. Zhao, A.V. Krishnan, Editorial/mini-review: Vi-

ulation[51]. tamin D and prostate cancer, End_ocrinology 14_1 (1) (2000) 5—9..
The mechanistic basis for the permissive effects of EB [°] C:M. Hansen, K.J. Hamberg, E. Binderup, L. Binderup, Seocalcitol

1089 on the promotion of apoptosis. as well as enhancement (EB 1089): a vitamin D analogue of anti-cancer potential. Back-

. p L p. p ! . ground, design, synthesis, pre-clinical and clinical evaluation, Curr.
of susceptibility to radiation in the breast tumor cell, remain Pharm. Des. 6 (7) (2000) 803-828.
to be fully elucidated. Our studies indicating that EB 1089 [6] A. Stoica, M. Saceda, A. Fakhro, H.B. Solomon, B.D. Fenster, M.B.
y g

enhances radiation-induced ceramide generation further sug- ~ Martin, Regulation of estrogen receptor-alpha gene expression by

gest that ceramide may have a distinct role in the action of EB %fg’ég;hé’jgo’gﬂtam'” D in MCF-7 cells, J. Cell Biochem. 75 (4)

198_9 in this EXpenmemal SYStem' AlthQUQh EB 1089 and ra- [7] M. Koga, J.A. Eisman, R.L. Sutherland, Regulation of epidermal

diation both promote ceramide generation in the breasttumor ~ ~ growth factor receptor levels by 1,25-dihydroxyvitamin D3 in human

cell (Table 3, the levels achieved after either treatment alone breast cancer cells, Cancer Res. 48 (10) (1988) 2734-2739.

may not be sufficient to promote apoptosis_ The combined [8] I.S. Mathiasen, K.W. Colston, L. Binderup, EB 1089 a novel vitamin

effects of EB 1089 and radiation may increase ceramide lev- D analogue has strong antiproliferative and differentiation inducing

L . effects on cancer cells, J. Steroid Biochem. Mol. Biol. 46 (3) (1993
els within the cell to a threshold level that is necessary to 365-371 (3) (1993)

promote apoptosis. [9] F. Zhang, B. Rathod, J.B. Jones, Q.M. Wang, E. Bernhard,

Finally, while the suppression of polo like kinase message J.J. Godyn, G.P. Studzinski, Increased stringency of the 1,25-
by the EB 1089-radiation combination appears to be a tran-  dihydroxyvitamin D3-induced G1 to S phase block in polyploid
sient effect, it is becoming clear that the polo like kinases ___ HL60 cells, J. Cell Physiol. 168 (1) (1996) 18-25.

infl . l th that Id det . [10] G. Wu, R.S. Fan, W. Li, T.C. Ko, M.G. Brattain, Modulation of
Influence signaling pathways that cou etermine suscep- cell cycle control by vitamin D3 and its analogue EB1089 in human

tibility to killing of the‘. tumor cell b'y radiatior[26.,27]- El'. breast cancer cells, Oncogene 15 (13) (1997) 1555-1563.
evated Plk1 expression in the primary tumor is associated[11] M.J. Campbell, E. Elstner, S. Holden, M. Uskokovic, H.P. Koef-
with an unfavorable clinical OUtCOﬁ[52,53]. Recent results fler, Inhibition of proliferation of prostate cancer cells by a 19-nor-

have clearly shown that experimental depletion of Plk1 dra- hexafluoride vitamin D3 analogue involves the induction of 5.
p27Pl and E-cadherin, J. Mol. Endocrinol. 19 (1) (1997) 15-27.

matically inhibits cellular proliferation and viability, possibly [12] Q.M. Wang, X. Luo, G.P. Studzinski, Cyclin-dependent kinase 6 is

resulting from G phase cell cycle arrest followed by apop- the principal target of p27/Kip1 regulation of the G1-phase traverse
tosis[26]. The finding that EB 1089 promotes the radiation- in 1,25-dihydroxyvitamin D3-treated HL60 cells, Cancer Res. 57
induced PLK mRNA repression may reflect the transient G (14) (1997) 2851-2855.

phase cell cycle arrest observed in Vitamig-eated tumor ~ [13] M. Liu, M.H. Lee, M. Cohen, M. Bommakanti, L.P. Freedman, Tran-
scriptional activation of the Cdk inhibitor p21 by vitamin D3 leads

cells harbormg funcupnal p5[.10,.54]., and is further anSIS' to the induced differentiation of the myelomonocytic cell line U937,
tentwith the assumption that inhibition of PIk1 signaling may Genes. Dev. 10 (2) (1996) 142—153.
sensitize breast cancer cells to apoptosis in radiation therapy[14] M. Simboli-Campbell, C.J. Narvaez, K. van Weelden, M. Tennis-
wood, J. Welsh, Comparative effects of 1,25(0OH):2D3 and EB1089
on cell cycle kinetics and apoptosis in MCF-7 breast cancer cells,
Breast Cancer Res. Treat. 42 (1) (1997) 31-41.
[15] C.J. Narvaez, J. Welsh, Role of mitochondria and caspases in vitamin
D-mediated apoptosis of MCF-7 breast cancer cells, J. Biol. Chem.
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