
A
e

V
a

b

a

A
R
R
A

K
P
1
H
S
I

1

i
d
o
r
u
c
o
i
r
c

p
W
i

B

0
d

Journal of Steroid Biochemistry & Molecular Biology 121 (2010) 391–394

Contents lists available at ScienceDirect

Journal of Steroid Biochemistry and Molecular Biology

journa l homepage: www.e lsev ier .com/ locate / j sbmb

combined pretreatment of 1,25-dihydroxyvitamin D3 and sodium valproate
nhances the damaging effect of ionizing radiation on prostate cancer cells�

ladimir Gavrilova, Yaron Leibovichb, Samuel Ariadb, Konstantin Lavrenkovb, Shraga Shanya,∗

Department of Clinical Biochemistry, The Faculty of Health Sciences, Ben-Gurion University of the Negev, P.O.B. 653, Beer Sheva 84105, Israel
Institute of Oncology, Soroka University Medical Center, P.O.B. 151, Beer Sheva 84101, Israel

r t i c l e i n f o

rticle history:
eceived 21 October 2009
eceived in revised form 16 February 2010
ccepted 1 March 2010

eywords:
rostate cancer
,25-Dihydroxyvitamin D3
istone deacetylase inhibitor
odium valproate

a b s t r a c t

Radiotherapy is one of the curative treatment options for prostate cancer (PCa). However, effective
doses of ionizing radiation (IR) have a high risk of side effects. To increase sensitivity of PCa to IR
we pretreated human androgen-refractory DU145 PCa cells with a combination of sodium valproate
(VPA), a well-tolerated drug with histone deacetylases inhibiting activity, and 1,25-dihydroxyvitamin
D3, 1,25(OH)2D3, the active metabolite of vitamin D, a well known anticancer agent. The results
show that irradiation (4 Gy) of DU145 PCa cells pretreated with a combination of 1 mM VPA and
100 nM 1,25(OH)2D3 efficiently suppressed (87.9%) PCa cell proliferation. IR after combined pretreat-
ment resulted in increased DNA double-strand breaks expressed as levels of phosphorylated histone
H2A.X, compared with non-treated cells the increase was 58.1% in pretreated cells and 11.8% in non-
onizing radiation pretreated cells (p < 0.002). Combined pretreatment enhanced IR-induced activation of DNA damage
checkpoint kinase Chk2, 39.0% in pretreated cells compared to 23.8% in non-pretreated cells (p < 0.05).
These molecular changes led to DNA replication blockade, S-phase cell-cycle arrest and enhanced apopto-
sis. Cumulatively, the results indicate that combined pretreatment with VPA and 1,25(OH)2D3 followed
by IR is a highly effective treatment for human PCa cells. This observation may have important implica-
tions for reducing doses of radiation administered to cancer patients thus limiting the severity of side

effects.

. Introduction

Radiotherapy is one of the curative treatment options for local-
zed androgen-refractory prostate cancer (PCa) [1,2]. The higher the
ose of ionizing radiation (IR) delivered the greater the probability
f achieving local control [3]. However, higher doses increase the
isk of side effects, such as rectal bleeding, erectile dysfunction and
rinary incontinence [3]. Therefore, a deliberate search for biologi-
al response modifiers that could potentiate the therapeutic effect
f IR and limit the occurrence of side effects is an important task
n PCa therapy, especially androgen-refractory, since androgen-
efractory PCa cells are more resistant than androgen-sensitive PCa
ells to radiotherapy [4].
Previous studies reported an increased effectiveness of IR after
re-exposure of cancer cells to 1,25(OH)2D3 [5] or valproic acid [6].
e have observed enhanced suppression of proliferation follow-

ng exposure of human PCa cells to a combination of 1,25(OH)2D3
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and the sodium salt of valproic acid (VPA) (unpublished obser-
vation). These findings provided the experimental background to
test radiosensitivity of PCa cells pretreated with a combination of
1,25(OH)2D3, the active metabolite of vitamin D3, a well known
anticancer agent, and VPA, an antiepileptic drug that inhibits his-
tone deacetylases activity and therefore exerts an anticancer effect.
We have studied the effect of the proposed combined pretreatment
on the effectiveness of IR by assessing cell proliferation, apoptosis
and cell-cycle distribution. Concomitantly, levels of DNA double-
strand breaks (DSBs), the most prominent DNA lesion caused by
IR [7] and activation of DNA damage checkpoint kinases Chk1 and
Chk2 [8] were determined. Cumulatively, our findings indicate that
pre-exposure of human prostate cancer cells to a combination
of 1,25(OH)2D3 and VPA significantly potentiates the damaging
effects of ionizing radiation.

2. Materials and methods
1,25(OH)2D3 was kindly provided by Hoffmann La-Roche, Basel.
VPA was purchased from Sigma (St. Louis, MO, USA). Antibodies
against phospho H2A.X (Ser139), �-H2A.X, clone JBW301, a marker
of DNA DSBs, were supplied by Upstate Biotechnology, Inc. The anti-
phospho-Chk1 (Ser345) and anti-phospho-Chk2 (Thr68) polyclonal

http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:shany@bgu.ac.il
dx.doi.org/10.1016/j.jsbmb.2010.03.004
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Fig. 1. Effects of IR on DU145 cell proliferation, with and without pretreatment with
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ntibodies were obtained from Cell Signaling Technology. The sec-
nd antibody (Universal Immuno-peroxidase Polymer, anti-mouse
nd -rabbit) was supplied by Nichirei Biosciences, Inc.

.1. Cell culture

Human PCa androgen-resistant cell line DU145 (American Type
ulture Collection) was cultured at 37 ◦C and 5% CO2 in humidified
ir in RPMI-1640 medium supplemented with 10% FCS.

.2. Cell proliferation test

One thousand DU145 cells/well were seeded simultaneously
nto two 96-well tissue culture plates. One plate was used for the IR
xperiments and the other served as non-irradiated control. Cells
ere grown overnight and treated with drugs either alone or in

ombination. The treatments included: (a) 100 nM 1,25(OH)2D3,
b) 1 mM VPA, (c) a combination of 100 nM 1,25(OH)2D3 and 1 mM
PA, and (d) control (untreated). After 72 h, the cells were irradiated
ith a dose of 4 Gy and incubated for additional 96 h. Cell prolifer-

tion was measured using crystal violet assay [9,10]. Briefly, cells
ere fixed, stained with crystal violet, the incorporated dye was

olubilized in 0.1 M sodium citrate in 50% ethanol and absorbance
as measured at 550 nm.

.3. Cell-cycle distribution analysis and apoptosis measurement

Two hundred fifty thousand DU145 cells were seeded into 75-
m2 flasks. Cells were treated as described above for the cell
roliferation test. Cell-cycle distribution was assessed by flow
ytometric analysis of DNA content using propidium iodide [11].
poptosis was assessed by measurement of the sub-G1 (<2N
loidy) fraction in cell-cycle histograms.

.4. Cell-based ELISA (CB-ELISA)

Expression of specific proteins (�-H2A.X, phospho-Chk1 and
hospho-Chk2) was assessed by CB-ELISA [12]. PCa cells were pre-
reated and irradiated as outlined under cell proliferation test.
hree hours after IR cells were fixed, permeabilized and exposed
o primary and the secondary antibodies. Immunostaining was
etected using TMB peroxidase substrate. The absorbance was
easured at 450 nm. Results of CB-ELISA were corrected for cell

umber by dividing OD of CB-ELISA for a given well by OD of crystal
iolet.

.5. Statistical analysis

Data were analyzed using paired t-test. A value of p ≤ 0.05 was
onsidered statistically significant.

. Results

.1. DU145 cell proliferation inhibition

IR decreased proliferation of DU145 cells by 30.4% (p < 0.0001)
Fig. 1). 1,25(OH)2D3 or VPA alone or in combination reduced
roliferation of PCa cells by 19.2%, 61.3% and 81.1%, respectively
p < 0.0001). Pretreatment of cancer cells with either 1,25(OH)2D3
r VPA or their combination followed by IR resulted in suppression

f DU145 cells proliferation by 46.4%, 83.0% and 87.9%, respectively
p < 0.0001). While IR decreased proliferation of the non-pretreated
U145 cells only by 30.4%, in cells pretreated with 1,25(OH)2D3,
PA or their combination IR decreased cell proliferation by 33.8%,
6.1% and 36.0%, respectively (p < 0.0001).
1,25(OH)2D3 and VPA. a—p < 0.0001 compared to control (without IR), b—p < 0.0001
compared to analogues treatment without IR, c—p < 0.0001 compared to previous
treatment without IR, and d—p < 0.0001 compared to previous treatment with IR.

3.2. Cell-cycle distribution

The results (Fig. 2) show that the cell growth-inhibiting effect
of IR is to a large extent the result of both enhanced apoptosis
(increased sub-G1 peak) (p < 0.05) and arrest of cell-cycle mainly
in S-phase (p ≤ 0.02). Interestingly, VPA alone altered cell-cycle
distribution in a manner similar to that induced by IR. The most
significant S-phase arrest and apoptosis were in the irradiated cells
pretreated with VPA and its combination with 1,25(OH)2D3.

3.3. CB-ELISA of �-H2A.X, phospho-Chk1 and phospho-Chk2

IR alone enhanced �-H2A.X expression by 11.8%. (p < 0.01). VPA
on its own or in combination with 1,25(OH)2D3 increased �-
H2A.X level by 20.3% (p < 0.02) and 17.4% (p < 0.04), respectively.
The expression of �-H2A.X in DU145 cells irradiated after pre-
treatment with VPA or 1,25(OH)2D3 or their combination was
increased by 42.7%, 24.8% and 58.1%, respectively (p < 0.04, com-
pared to cells exposed to IR only). We observed no effect of IR
on Chk1 phosphorylation. However, IR enhanced Chk2 phospho-
rylation by 23.8% (p < 0.001). Chk2 phosphorylation in pretreated
cancer cells followed by IR increased by 33–39% (p < 0.05, compared
to cells exposed to IR only).

4. Discussion

The results of the present study show that irradiation of DU145
PCa cells pre-exposed to a combination of VPA and 1,25(OH)2D3
markedly decreased prostate cancer cell proliferation compared
to irradiated control cells not previously exposed to these biolog-
ical modifiers. It would seem that the combination of VPA and
1,25(OH)2D3 enhances IR-induced cell-cycle S-phase arrest and
cell apoptotic death. Unexpectedly, a more prominent S-phase
arrest and apoptotic death were observed in irradiated cells pre-
treated with VPA alone, a finding seemingly in contradiction to
results pertaining to VPA effect on DU145 PCa cells proliferation
(Fig. 1). Interestingly, pretreatment with 1,25(OH)2D3 alone did not
alter radiation-induced changes in cell-cycle distribution pattern
(Fig. 2), despite a more pronounced inhibition of cell proliferation

(Fig. 1). We surmise that 1,25(OH)2D3 alone or in combination with
VPA lowers transition rates of pivotal phases of the cell-cycle ulti-
mately restraining the proliferation rate of cancer cells despite no
overt evidence of changes in cell-cycle.
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Fig. 2. Effect of IR on cell-cycle distribution of DU145 cells, with and without pretreatment with 1,25(OH)2D3 and VPA. Statistical analysis: All comparisons performed
between the same peaks in irradiated and non-irradiated cells. (I) Non-pretreated cells: IR decreased G0–G1 fraction (a—p < 0.001), induced S-phase delay (b—p < 0.002) and
enhanced apoptosis (sub-G1 peak, d—p < 0.003), non-significant (NS) difference (c) was found for G2–M phase. (II) Cells pretreated with 1,25(OH)2D3: IR decreased G0–G1
fraction (a—p < 0.001), induced S-phase delay (b—p < 0.01) and enhanced apoptosis (d—p < 0.02), NS difference (c) was found for G2–M phase; (III) cells pretreated with VPA:
IR decreased G0–G1 fraction (a—p < 0.02), induced S-phase delay (b—p = 0.02), increased G2–M phase (c—p < 0.02) and enhanced apoptosis (d—p < 0.05); (IV) cells pretreated
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ith 1,25(OH)2D3 and VPA: IR decreased G0–G1 fraction (a—p < 0.002), induced S
ound for G2–M phase.

Measurement of �-H2A.X, a well recognized marker of DNA
SBs [13], revealed a significantly increased level of radiation-

nduced DSBs in DU145 cells pretreated with VPA, 1,25(OH)2D3
r with their combination (p < 0.0001, p < 0.006 and p < 0.0001,
espectively). The highest level of radiation-induced �-H2A.X was
etected in the cells pretreated with a combination of VPA and
,25(OH)2D3. We suggest that VPA has a prominent role in imped-

ng DNA DSBs repair, a view consonant with the known ability
f HDAC inhibitors, including VPA, to interfere with DNA repair
14]. Of note, treatment with VPA alone or in combination with
,25(OH)2D3 led to increased level of DSBs in non-irradiated DU145
Ca cells. A plausible explanation for the DNA damaging action of
PA may be sought in the ability of HDAC inhibitors to induce the
eneration of reactive oxygen species [15] known to induce severe
NA damage.

Determination of the DNA damage checkpoint kinase Chk2
howed a significant increase in Chk2 activation (p < 0.05) in pre-
reated PCa cells compared to IR alone. Chk2 kinase is a key
omponent of the ATM pathway. Activation of this pathway and
hosphorylation of Chk2 induces a transient blockade of DNA repli-
ation and S-phase cell-cycle arrest [16]. However, the increase in
hk2 activation was similar in all pretreatments and therefore cell-
ycle arrest at this key DNA damage checkpoint may be only part
f molecular events leading to inhibition of PCa cells growth.

In conclusion, the results of the present study indicate that the
ombination of VPA and 1,25(OH)2D3 enhances PCa cell radiosen-
itivity. This observation may have important implications for

educing the doses of IR administered to cancer patients thus limit-
ng the severity of side effects. In addition, the study demonstrated
igh effectiveness of the combination of 1,25(OH)2D3 and VPA,
ven without IR, in suppression of DU145 cell proliferation. There-
ore, this combination alone or combined with other anticancer

[

[

e delay (b—p < 0.003) and enhanced apoptosis (d—p < 0.04), NS difference (c) was

drugs may serve as effective treatment of metastatic androgen-
refractory PCa which is chemotherapy resistant [17].
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