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Summary Current therapies for treatment of advanced cer-
vical cancer involve the use of cisplatin, often in combina-
tion with radiotherapy. These treatments do not lead to a
high survival rate and furthermore, serious side effects are
dose-limiting factors. Methyl jasmonate (MJ) was recently
identified as potent and selective cytotoxic agent towards
cervical cancer cells. In the present study we evaluated the
effectiveness of combined treatments of MJ with cisplatin or
X-irradiation on a variety of cervical cancer cells including
SiHa, CaSki, HeLa and C33A. Cytotoxicity of alpha par-
ticles, emitted from 22%Ra atoms, was also evaluated as a
single agent and in combination with MJ. Cooperation be-
tween MJ and cisplatin in reducing cell viability (XTT
assays) and survival (clonogenicity assays) was exhibited
towards several cancer cell lines at a range of combination
doses. MJ effectively cooperated also with X-ray irradiation,
significantly lowering the radiation doses required to inhibit
cell survival (ID50) of all tested cells lines. We show for the
first time, that alpha irradiation selectively reduced cell
viability and survival of cervical cancer cells. Lower doses
of o irradiation were required as compared to X-irradiation
to inhibit cell survival. Cooperation with MJ was demon-
strated in part of the cancer cell lines. In conclusion, our
studies point to « irradiation and MJ, novel anticancer
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agents, as potent candidates for treatment of cervical cancer,
in single agent regiments and in combination. MJ can be
added also to conventional X-ray and cisplatin therapies to
increase their cytotoxic effect while lowering the effective
dose.
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Introduction

Cervical cancer is the third most common cause of female
cancer death worldwide and the second common cancer in
women in developing countries [1, 2]. It is well established
that persistent infections with oncogenic (or “high risk”™)
types of human papillomavirus (HPV) contribute to the
development of cervical cancer. The most common onco-
genic types are HPV16 and HPV18 which are responsible
for 70 % of cases of cervical cancer. HPV DNA is found in
more than 90 % of cervical cancers [3, 4]. Recently, two
prophylactic vaccines against HPV16 and HPV18 were
registered, Gardasil by Merck and Co. and Cervarix by
GlaxoSmithKline [5]. However, preventive vaccines are
likely to impact on HPV prevalence and cancer rates many
years from now and women already infected with the virus
or women with cervical cancer will not benefit from these
vaccines [5, 6]. Thus, new strategies to treat cervical cancer
are still needed.

Current treatments for cervical cancer are platinum based
chemotherapy (cisplatin) and radiotherapy [7-9]. Although
cisplatin is the drug of choice for treatment of a wide variety
of tumors, serious side effects are dose limiting factors [9]
and accumulating resistance to cisplatin cytotoxicity need
also to be considered [10]. Radiotherapy or surgery, are
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considered for women with small localized tumors in the
cervix [7]. For bulky or locally advanced cervical cancer,
the primary treatment consists of concurrent chemoradiation
with platinum-based chemotherapy as radiation alone fails
to control the disease [7]. Chemoradiotherapy based treat-
ments improve the survival of patients, but this treatment is
limited by toxicity and side effects in the long term [8, 9]. A
series of phase II studies has been performed in locally
advanced or recurrent/metastatic cervical cancers in order
to evaluate the effectiveness of a number of compounds of
recent development as single and combination agents [11].
So far however, cisplatin was more effective as a single
agent or in combination with other compounds. Novel che-
motherapy approaches using inhibitors of survival pathways
and activators of apoptotic pathways are currently being
investigated as potential options for the treatment of cervical
cancer [7, 12].

Studies in recent years discovered that plant stress hor-
mones called jasmonates, which regulate cell death in
stressed plants, possess anticancer activities in vitro and in
vivo (Reviewed in [13, 14]). Jasmonates induced suppres-
sion of cell proliferation and death in a variety of cancer cell
lines as well as in leukemia cells from patients with chronic
lymphocytic leukemia [15]. Three potential mechanisms of
action have been proposed to explain the anticancer activity
of jasmonates; the bioenergetics mechanism that involves
severe depletion of ATP via mitochondrial perturbation, the
induction of re-differentiation via mitogen-activated protein
kinase (MAPK) activity and the induction of apoptosis via
the generation of reactive oxygen species (ROS) and eleva-
tion of the proapoptotic Bcl-2 proteins (Reviewed in [13,
14]). Our recent studies with cervical cancer cell lines iden-
tified MJ as a potent cytotoxic agent acting on a range of
cancer cells irrespective of the presence of HPV DNA [16,
17]. Cytotoxicity of MJ was selective to the cancer cells,
primary human keratinocytes (PHKSs) were almost resistant
to the agent. The effect of MJ was dose and time dependent,
and associated mainly with the induction of cell death and to
a lesser extent with inhibition of cell growth. Cell death
induced in cervical cancer cells displayed features charac-
teristic of both apoptosis and necrosis [16]. MJ acts via
different and common pathways to induce cell death in
cervical cancer cells. In some cell lines, MJ caused elevation
of the mitochondrial superoxide anion. Different changes in
the expression levels of apoptosis control proteins p53, bel-
2 and bax were induced by MJ in the various cervical
cancer cell lines, however, reduced expression of the
apoptosis inhibitor, survivin, was observed in all tested
cell lines [16, 17].

In the present study we asked whether MJ could potentiate
the effectiveness of currently used treatments for cervical
cancer namely, cisplatin and X-irradiation. Curative therapy
regiments for cancer employ multi agent treatments.
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Combining different anticancer agents may overcome cancer
cells resistance to a specific treatment, slow or prevent the
development of newly resistant tumor cells and maximize
cancer cell cytotoxicity while minimizing host cytotoxicity
[18]. Several studies performed recently indicated the ability
of MJ to cooperate with chemotherapeutic drugs or antican-
cer plant products. Cooperative cytotoxicity was demon-
strated in several types of cancer cell lines including
pancreases, breast, prostate and lung [19-21], as well as
cancer cells derived from chronic lymphocytic leukemia [19].

Recently, a novel method which introduces alpha particles
into the tumor, named diffusing alpha emitters radiation ther-
apy (DaRT) was described [22]. The method consists of
interstitial radioactive wires loaded with radium- 224
(***'Ra). The decay of ***Ra releases by recoil its daughter
atoms into the tumor, which disperse in the tumor and spray
the tumor cells with lethal alpha particles. In vivo treatment of
tumor bearing mice with DaRT achieved high levels of local
tumor control and prolongation of survival [22-25]. In vitro
studies with o particles showed anti proliferative effects and
apoptosis in the murine SQ2 squamous cell carcinoma cell
line [24], and inhibition of proliferation and reduction of cell
survival in various human carcinoma cell lines (26).

As an initial step to evaluate the effectiveness of «
irradiation against cervical cancer we investigated the cyto-
toxic effects of « irradiation toward various cervical cancer
cell lines. Cytotoxicity of « irradiation alone and in combi-
nation with MJ was investigated.

Materials and methods
Reagents

Methyl jasmonate (MJ) was from Sigma Chemicals (Sigma-
aldrich, St Louis, MO). The solution (95 %) was diluted in
ethanol absolute to give a stock solution of 500 mM. Further
dilutions were performed in culture medium. The final con-
centration of ethanol in cultures did not exceed 0.6 % [19].
Cis-Diamminedichloroplatinum (II) (cisplatin): ABIPLA-
TIN® (active ingredient cisplatin 1 mg/ml) was obtained
from ABIC Biological Laboratories TEVA Ltd, Israel.

Cells

CaSki, SiHa, HeLa, C33A cervical carcinoma cell lines, were
obtained from the American Type Culture Collection (ATCC)
(Rockville, MD). Foreskin primary human keratinocytes
(PHKSs) were prepared freshly as described previously [27].
PHKSs were maintained in keratinocyte serum free medium
(KSFM) supplemented with epidermal growth factor (EGF)
(5 ngml-1) and bovine pituitary extract (BPE) (50 pgml-1) (all
from Invitrogen, Paisely, Scotland). All cervical cancer cell
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lines were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % heat inactivated foetal
bovine serum and penicillin/Streptomycin.

Viability assays for cells treated with cisplatin and MJ

Cervical cancer cells, SiHa, CaSki, HeLa and C33A were
seeded into 96-plate dishes at 1x10%well. After 24 h, cells
were treated with cisplatin (3—10 pM) or/and MJ (1-3 mM)
for 24 h. Cell viability was determined with the XTT reagent
kit (Biological Industries, Israel, Beit Haemek, Ltd) [16]. This
assay allows the development of a reaction in which dehydro-
genases reduce the XTT in metabolically active cells. Absor-
bance of the soluble XTT product was measured at 490 nm.
Absorbance is directly proportional to the number of the live
cells in culture. The relative cell viability in percentage was
calculated as absorbance of drug-treated cells/absorbance of
control cells x100 and given as mean of the quadruplicate
samples (<10 % standard deviation).

Survival assays for cells treated with cisplatin, X-irradiation
and MJ

Clonogenicity assays were carried out as described (17). For
X-irradiation, cervical cancer cells were seeded sparsely into
6 cm dishes at concentrations ranging from 500-2,000 cells
per well, dependent on the cervical cancer cell line (HeLa,
2,000 cells, CaSki, 1,000 cells, SiHa, 1,000 cells, C33A,
500 cells) and allowed to adhere overnight. Cells were
irradiated with X- irradiation (160Kv, MG165, Philips in-
dustrial X- ray, Hamburg, Germany) at doses of 0.25-3 Gy.
For combination treatment with MJ, after irradiation, medi-
um containing 0.1-1 mMMJ was added for 24 h. MJ was
then removed and cells were allowed to grow in medium
without MJ for 2 weeks to allow the formation of colonies.
Colonies were stained using 1 % methylene blue. Colonies
of at least 50 cells were scored and the survival fraction (%)
was calculated as mean number of colonies of treated cells/
mean number of colonies of control cells X100. For experi-
ments evaluating cisplatin, 24 well plates were used for
plating 300-600 cells per well. Cisplatin (0.1-0.5 uM) and
MIJ (0.1-1 mM) were added at the same time for 24 h.

Viability assays for cells irradiated with « particles in vitro

An in vitro irradiation setup in microplates was used as
described before [24]. Cervical cancer cells were seeded at
10* cells/well in a 96-well plate implanted with escalating
**¥Ra activities ranging from 0.063 to 2 Bq/mm?. Cells were
allowed to grow for 48—72 h under continuous irradiation by
« particles emitted along the decay chain of ***Ra atoms
implanted on the well bottoms. **Ra implantation took
place before cells were seeded and was carried out inside a

vacuum chamber, using a column of eight unsealed surface
sources of ***Th, fitting a single column of the plate. The
*2%Ra activity densities on the well bottoms were set by the
duration of exposure to the ?**Th sources [24]. For combi-
nation treatment with MJ, medium was removed after 48 h
and replaced with medium containing 1-2 mMM]J. Cell
viability was measured after 24 h with the XTT reagent kit
(described above in Viability assays for cells treated with
cisplatin and MJ).

Survival assays for cells treated with « irradiation,
the Kapton wells irradiation setup

Cervical carcinoma cells seeded on a thin (7.5 pwm)
(polyimide) foil were irradiated by alpha particles traversing
the foil from below in a device described before [23, 24, 26].
Before seeding, the Kapton wells were sterilized with UV
light for at least 1 h. Cells were seeded on the foil at a
density of 3x10% cells per well and allowed to adhere
overnight. Cells were exposed to the o particle flux by
positioning the cells seeded on the foil 10 mm above a
228Th source in air. The dose of irradiation (Gy) was deter-
mined according to the exposure time to the alpha particles
flux [23, 26]. Immediately after being irradiated in the
Kapton wells, the cells were harvested by trypsinization
and plated sparsely into 6 cm culture dishes. Cells were
allowed to grow and proliferate for 10—14 days with medi-
um replaced twice a week. For combination treatment with
M, irradiated cells were seeded into 6 well plates in medi-
um containing 0.1 mMMJ. The drug was removed 24 h later
and cells were allowed to grow for 2 weeks without the drug
until colonies were formed.

Statistical analysis

Differences between treated cells compared to control cells
or between the combined treated cells compared to each of
the treatments alone were subjected to two-tailed Student’s
t-test. Significance was accepted at P<0.05. One-way
ANOVA was used when differences in the response to MJ
among groups were analyzed. Significance was accepted at
P<0.05. The combination index (CI) was calculated using

the equation described before CI = Cax | Coa [28] where

CA,x and CB;,x are the doses of agen‘iC/X&AandICaxgent B used in
combination to achieve x % agent effect. ICx,A and ICx,B
are the concentrations for single agents to achieve the same
effect. A CI of less than, equal to, or more than 1 indicate
synergy, additivity, and antagonism, respectively. The CI
values of doses indicating synergy or additive effect were
presented in the Results. The CI was not presented in case
where the CI was more than 1 or could not be calculated
because the individual drug effect at the maximal dose used
did not reach the combinatorial effect of the drugs.
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Results

Long and short term effects of cisplatin in combination
with MJ

Cisplatin is currently used for the treatment of advanced
cervical cancer, often in combination with radiotherapy.
Cisplatin is believed to act via the formation of inter and
intra strand cross-links in DNA, culminating in the initiation
of cell death via caspases [10]. Recent data have shown that
cisplatin may have direct interaction with mitochondria and
mitochondrial DNA which can induce mitochondrial dam-
age that may account for a significant portion of the clinical
activity associated with this drug [29]. MJ was shown to
cooperate with cisplatin in the induction of cytotoxicity in
different cancer cell lines including murine prostrate adeno-
carcinoma, human pancreas carcinoma, and breast cancer
cell lines [19, 20]. The combined effect of MJ with cisplatin
was not tested before on cervical cancer cells. Both, short
and long term cytotoxicity of the agents was evaluated
(XTT and clonogenicity assays, respectively). The cytotoxic
effect was tested on a variety of cervical cancer cell lines
including HPV positive, CaSki, HeLa, and SiHa, and HPV
negative, C33A cells. For short term cytotoxicity assays,
cells were treated for 24 h with a range of drug doses
previously shown to be effective in these cells in single drug
regiments, 1-3 mMMJ and 3—-10 uM cisplatin [16, 17]. The
agents were applied alone and in combination. Representa-
tive results from three cell lines are shown in Fig. la. The
cytotoxic effects of both drugs were dose dependent. SiHa
and CaSki (not shown) were less sensitive to the drugs as
compared to C33A and HeLa. 10 uM cisplatin (the maximal
dose) caused only 18 % reduction in cell viability in SiHa
cells and 28 % reduction in CaSki cells. MJ alone caused
10-20 % reduction in cell viability at concentration of 1 and
2 mM. Higher doses of MJ, 3 mM, caused prominent
reduction in cell viability. Combined treatment of SiHa
and CaSki with cisplatin (1-10 pM) and MJ (1-3 mM)
caused only small additional reduction beyond that of cis-
platin or MJ alone. C33A and HeLa cells were more sensi-
tive to MJ and cisplatin. MJ at 3 mM reduced cell viability
significantly reaching 44 % in C33A and 31 % in Hela
whereas cisplatin alone at concentration of 10 uM reduced
cell viability to 48 % and 39 % in the respective cell lines.
The combined treatment caused additional decrease in cell
viability over that of cisplatin or MJ alone. The effect was
evident at combinations of sub-optimal doses. The calculat-
ed ID50 values of cisplatin in the short term viability assays
are shown in Table 1. Consistent with the above data,
reduced ID50 values for cisplatin were observed in C33A,
HeLa and CaSki cells in combination treatments with cer-
tain MJ doses. The ID50 of other MJ/cisplatin dose combi-
nations could not be determined because the individual
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effect of MJ or cisplatin at the concentrations used was
strong, causing less than 50 % viability (ND).

The long term cytotoxic effect of cisplatin in combi-
nation with MJ was tested in clonogenicity assays. Cells
were seeded at sparse, clonogenic, concentrations and
treated with the drugs 24 h afterwards. Lower doses of
MJ were used in these assays ranging from 0.1 to
1 mM. Similar doses were previously shown to be
effective in reducing cervical cancer cell survival [17].
Cisplatin was applied at 0.1 —0.5 uM. The drugs were
added for 24 h either as single treatments or in combi-
nation. Colony formation was evaluated after 2 weeks.
Representative results from three cell lines are shown in
Fig. 1b. Treatment with 0.1 or 0.3 puM cisplatin alone
caused significant reduction in cell survival (P<0.05) in
HeLa, C33A and SiHa (not shown) cells, with almost
no effect in CaSki cells. Increasing the dose of cisplatin
to 0.5 uM caused marked reduction in CaSki cells
survival (data not shown). Even though cisplatin at 0.1
or 0.3 uM had little effect on CaSki cells, its activity
was significantly enhanced upon combination with
0.25 mMMJ, reducing cell survival from 83 % and
94 % to 33 % and 30 %, respectively (P <0.05).
Significant combinatorial effects (P<0.05) were also
observed in C33A and HeLa cells while in SiHa cells
only a moderate combined effect was observed (not
shown). The long term ID50 values for cisplatin as a
single agent and in combination with MJ are shown in
Table 1. The ID50 values of cisplatin decreased upon
combination with MJ. Significant reduction was ob-
served in all cervical cancer cells including CaSki that
were relatively resistant to cisplatin. Determination of
the combination index (CI), which provides qualitative
information on the nature of drug interactions was per-
formed using the equation described previously [28]. A
CI of less than, equal to, or more than 1 indicate
synergy, additivity, and antagonism, respectively. Table 2
shows CI values of cisplatin and MJ in concentrations
where additive or synergistic effects were observed. As
indicated, synergistic effects were observed in CaSki,
HeLa and C33A cells treated with MJ doses of 0.1 or
0.25 mM combined with cisplatin dose of 0.1 uM. With
other drug doses the calculated CI could not be deter-
mined because the individual drug effect at the maximal
dose used did not reach the combinatorial effect of the
drugs, or the calculated CI was more than 1.

The overall results of the cisplatin/MJ combination
experiments indicated that MJ and cisplatin can act in a
synergistic mode to reduce survival of a variety of cervical
cancer cell lines, thus potentially allowing the reduction of
the dose of cisplatin required to achieve the same effect. In
addition, MJ could be also used to replace cisplatin in case
of cisplatin resistant cervical cancers such as CaSki.
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Fig. 1 Effect of combined treatment with cisplatin and MJ on cervical
cancer cell viability (a) and survival (b). a Cervical cancer cells, SiHa,
CasSki, HeLa and C334 were seeded into 96-plate dishes at 1x 10%/well.
After 24 h, cells were treated with MJ and cisplatin at the indicated
doses. Cell viability was determined with the XTT proliferation assay
and normalized to untreated cells. Results obtained with three of the
tested cell lines are shown. Results are presented as average percentage
of cell viability obtained from 3 independent experiments carried out in
quadruplicates. b Cervical cancer cells were seeded into 24 well plates
at clonogenic concentrations (300-600 cells per well) and allowed to

Long term effect of X-irradiation in combination with MJ
on cervical cancer cell

Radiotherapy plays an important role in cervical cancer
therapy. Radiotherapy of cervical cancer involves exposure
of the tumor to high-energy radiation, X- ray irradiation. X-
ray radiotherapy is delivered by brachytherapy, localized
radiotherapy, where the source of radiation is within the

adhere overnight. Cells were treated for 24 h with 0.1-0.5 puM cisplatin
and 0.1-1 mMMJ, alone and in combination. Medium was then
removed and fresh medium without the drugs was added. Cells were
allowed to grow and proliferate for 2 weeks until colonies were
formed. Graphical presentation of the survival fraction (percent of
untreated control, 100 %) of 3 of the tested cell lines from experiments
using 0.1 and 0.3 uM cisplatin is shown. The data are mean + SEM of
duplicates from 2 to 3 independent experiments. Drug combinations
showing significant reduction in cell survival (P<0.05) as compared to
both individual treatments were marked with asterisk

patient or via external beam radiation (EBRT) where radia-
tion beam is generated from a source outside the patient
[30]. Many agents have been developed to improve cytotox-
icity of radiation. Chemotherapy in conjunction with radia-
tion allows reduced radiation doses and limits normal tissue
damage. Identifying biological compounds that enhance the
efficiency of radiotherapy is of great interest [31]. We eval-
uated the effect of ionizing X- ray radiation in combination

Table 1 Short and long term

ID50 of cisplatin (uM) towards Cell line Viability Survival

different cervical cancer cells in MJ dose (mM) MJ dose (mM)

single treatment and in combi-

nation with MJ 0 1 2 3 0 0.1 0.25 0.5
SiHa >10 >10 >10 ND 0.09 0.06 <0.01 <0.01
CaSki >10 >10 >10 3.4 0.42 0.38 0.14 <0.01
HeLa 2.7 0.01 N.D ND 0.06 0.04 <0.01 <0.01
C33A 7 42 3.4 ND 0.09 0.04 <0.01 <0.01

@ Springer



338

Invest New Drugs (2013) 31:333-344

Table 2 Doses of MJ (mM)
acting in cooperation with
cisplatin and X-irradiation to

Cell line/doses of MJ
(mM) and Cisplatin

CI Synergism/additive

Cell line/doses of MJ
(mM) and X-irradiation

CI Synergism/additive

inhibit cell survival
CaSki

0.1 mM+0.1 uM
0.25 mM+0.1 uM

HeLa
0.1 mM+0.1 uM
0.25 mM+0.1 pM

C33A
0.1 mM+0.1 uM

CaSki
0.99 0.1 mM+0.5 Gy 0.78
0.94 0.25 mM+0.5 Gy 0.81
0.25 mM+1 Gy 0.86
HeLa
0.67 0.1 mM+1 Gy 0.82
0.83 0.25 mM+0.25 Gy 0.81
0.25 mM+1 Gy 1
C33A
0.59 0.25 mM+0.5 Gy 1

with MJ. For irradiation treatments, cervical cancer cells and
primary human keratinocytes (PHKs) were seeded at clono-
genic concentrations in 6 cm plates. The following day, the
cells were irradiated and then MJ was added for 24 h.
Medium was removed and replaced with fresh medium
without the drug. Cells were allowed to grow for 2 weeks
until colonies were formed. Figure 2 show representative
results. Radiation doses of 0.25 or 0.5 Gy had small effect
on cell survival, whereas higher doses of irradiation,] and
3 @Gy, significantly reduced cell survival (P<0.05). The
various cervical cancer cell lines showed different sensitiv-
ities to X -ray irradiation as a single treatment with SiHa,
CaSki and HeLa being more sensitive than C33A cells
(Fig. 2). Addition of MIJ significantly increased the efficacy
of X-irradiation in all cervical cancer cells. Low doses of MJ
(0.1-0.25 mM) were sufficient to improve the effectiveness
of X-irradiation. Significant reduction ((P<0.05) in cell
survival, as compared to the single agent treatments was
indicated at several dose combinations (Fig. 2, marked with
asterix). The increased efficacy of X-irradiation was also
reflected in the lower ID50 values of X-irradiation in the
combined treatment (Table 3). Determination of the CI
values of the combined treatments indicated synergistic or
additive effects (Table 2). Synergistic effect of MJ and X-
ray irradiation was exhibited at several doses in CaSki and
HelLa cells. In C33A cells, an additive effect was observed
with 0.25 mMMJ and 0.5 Gy X-irradiation. PHKs were
relatively resistant to both treatments when given alone
and in combination. These results suggest that combined
treatment with X- ray irradiation and MJ can potentially
reduce irradiation doses in treatment of cervical cancer.

Short and long term effects of alpha radiation on cervical
cancer cells as single treatment and in combination with MJ

Brachytherapy for treatment of solid tumors relies on the use

of photons (X- and 7y rays). Recently a new experimental
therapy approach using irradiation with alpha particles was
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described, termed DaRT [22]. It consists of interstitial ra-
dioactive wires that continually release short-lived alpha
emitting atoms into the tumor [22-24]. This treatment was
shown to be effective against tumors induced in nude mice
with human (A427) and mouse (LL2) derived lung carcino-
ma cells [24]. Alpha irradiation from in vitro irradiation
setups was demonstrated to be effective against various
cultured squamous carcinoma cells [23, 24, 26]. The cyto-
toxic effect of « radiation on cervical cancer cells was
evaluated by measuring short and long-term effects (cell
viability and survival). Viability assays were carried out
using 96-well radioactive microplates. Cells were allowed
to grow for 24-72 h under continuous irradiation by alpha
particles implanted in escalating doses on the bottom of the
plate wells. Results of XTT cell proliferation assays are
shown in Fig. 3. The cytotoxic response of the various cell
lines to o irradiation was variable with CaSki cells being the
most sensitive and SiHa cells being the most resistant
(Fig. 3a). A decrease in cell number, enlargement of the
nuclei and nuclear fragmentation was observed upon treat-
ment with o irradiation (Fig. 3b). These dose dependent
effects were also detected with C33A and HeLa (data not
shown). No decrease in cell number or change in morphol-
ogy of the nuclei was observed in PHKs (Fig. 3b). The
combined effect of « irradiation and MJ was determined
using the same in vitro irradiation setup. Cells were seeded
into Ra-224 coated microplates and incubated for 48 h.
Medium was then removed and fresh medium with MJ
was administered for additional 24 h. Figure 3¢ shows the
results of XTT assays. Consistent with the data described
above, the cells showed variable sensitivities to o irradiation
as single treatment, with CaSki being the most sensitive and
SiHa being the most resistant. Even though « irradiation had
small effect on SiHa cells, the irradiation markedly sensi-
tized SiHa cells to MJ treatment. Addition of 2 mMM]J to
0.063-2 Bq/mm? doses of « irradiation reduced cell viabil-
ity in a dose dependent manner reaching the maximal cyto-
toxic effect at 2 Bq/mm? (2 % viability). With the
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Fig. 2 Effect of combined
treatment with X-irradiation
and MJ on survival of cervical
cancer cells and primary
keratinocytes. Cervical cancer
cells and PHKs were seeded at
clonogenic concentration (500—
2000 cells) in 6 cm plates and
allowed to adhere overnight.
Cells were irradiated with
different X-ray doses and then
medium with MJ (0.1-1 mM)
was added for 24 hours. Cells
were allowed to grow and
proliferate for 12—14 days.
Colonies of at least 50 cells
were counted and the survival
fraction was determined. (a)
Representative colony assay
with C33A cells treated with
X-irradiation and MJ at the
indicated doses. (b) Histograms
presenting the survival fraction
of different cancer cells and 140~
PHKSs after treatment with

combinations of MJ (0.1 and

0.25 mM) and X-irradiation =
(0.5 and 1 Gy). The results =
shown are mean = SEM of c 6
duplicates from 2-3 (?J
independent experiments. 40-
Significant reduction in cell 20-
survival as compared to both

X- ray irradiation (Gy)

individual treatments (P<0.05) 0 05

was marked with asterisk

140
120~

Survival

combinatorial doses used, modest cooperation was also
detected in C33A and HeLa cells. The combined inhibitory

Table 3 Long term

ID50 of X-ray irradia- MJ dose (mM)

tion (Gy) towards dif- ]

ferent cervical cancer Cell line 0 0.1 0.25

cells in single treatment

and in combination with SiHa 1.25 0.75 ND

MJ Caski 12 0.5 ND
HeLa 1.4 0.8 0.1
C33A 1.9 1.7 1

HelLa 140 -

140 SiHa 140 - C33A

120~ 120

1 0 05 1

MJ
m0mM
m0.1mM
m0.25mM

effect ranged however only slightly beyond that of the
individual effect of MJ or « irradiation. PHKs were resistant
to both MJ and « irradiation. The ID50 values calculated for
short term cytotoxicity of « irradiation alone and in combi-
nation with MJ are shown in Table 4. In SiHa and C33A
cells addition of 2 mM MJ significantly reduced the ID50 of
« irradiation reaching 0.05 and 0.5 Bq/mm?, respectively. In
HeLa cells, the individual effect of MJ at the doses used was
strong, reducing cell viability to 35% at the low dose of
1 mM, thus the exact ID50 values of the combined treat-
ments could not be estimated (ND). In CaSki cells, addition
of MJ did not alter significantly the short term ID50 values
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Fig. 3 Effect of « radiation as a single agent treatment and in combi-
nation with MJ on viability of cervical cancer cells and primary
keratinocytes. Cells were seeded at 10* cells per well in 96-well plate
implanted with escalating *>*Ra activities ranging from 0.063 to 2 Bg/
mm? and allowed to grow for 72 h. (a) Cell viability was determined
after 72 h by the XTT proliferation assay and normalized to untreated
cells. Results are presented as average percentage of cell viability
obtained from 2 to 3 independent experiments. Statistical analyses

of « irradiation. Similarly, PHKs remained resistant to o
irradiation in the combined treatment with MJ. Thus, short
term cytotoxicity assays identified the selective anticancer
activity of «-irradiation against most tested cervical cancer
cells. Improved cytotoxic effect of «-irradiation upon com-
bination with MJ (1 and 2 mM) was also observed in some
cervical cancer cells notably, SiHa cells that were relatively
resistant to «-irradiation.

The long term effect of o irradiation on cervical
cancer cells was evaluated in a clonogenicity assays.
A different irradiation setup was used. Cells were seed-
ed on thin Kapton foil disks and allowed to attach
overnight. Cells were irradiated with escalating doses
of alpha particles in a special device (described in
Materials and Methods) after which cells were trypsi-
nized and seeded in predetermined clonogenic concen-
trations into 6 cm plates. Cells were monitored for the

Table 4 Short term ID50 of « irradiation (Bq/mm?) towards different
cervical cancer cells in single treatment and in combination with MJ

MJ dose (mM)

were carried out using two tailed student’s z-test. P values less than
0.05 (P<0.05) were considered significant (marked with *). b Repre-
sentative digital images of CaSki and PHKs cells treated with «
irradiation and stained with DAPL ¢ 48 h after seeding into the
radioactive plates MJ was added at the indicated doses and plates were
incubated for additional 24 h. Dose response curves from three cancer
cell lines and PHKSs are shown

ability to form colonies within 2 weeks. The results are
shown in Fig. 4a and b. The survival of all cervical
cancer cells was significantly reduced at doses of 0.5—
2 Gy. The long term response to o irradiation was
diverse with CaSki cells being the most sensitive and
SiHa cells being the least sensitive. In all cancer cells,
even the minimal dose used, 0.25 Gy for HeLa, CaSki
and C33A or 0.5 Gy for SiHa, caused significant de-
crease in cell survival (P<0.05). Higher doses of «
irradiation completely inhibited cell survival. Table 5
shows the o-irradiation ID50 values (Gy) calculated
for the various cervical cancer cells.

To evaluate if MJ cooperates with «- irradiation in
reducing the survival of cervical cancer cells, their com-
bined effect was examined in C33A, HeLa and SiHa that
were less responsive to alpha irradiation. The combined
treatment was tested at suboptimal doses of « irradiation
(0.25 Gy) and MJ (0.1 mM). Cells were seeded in
Kapton wells and irradiated with alpha particles. After
irradiation the cells were harvested and plated sparsely
into 6 cm dishes. The next day, cells were treated with
0.1 mMM]J for 24 h. Medium was then removed and
fresh medium without the drug was added. Cells were

Cell line 0 ! 2 allowed to grow for 2 weeks until colonies were formed.
SiHa - - 005  The results are presented in Fig. 4c. Consistent with the
CaSki 0.96 0.78 11 data presented above, the responses of the cells towards
HeLa ) ND ND MJ and « irradiation as single treatments were variable.
CIIA - - 0.5 In C;BA both MJ and « irradiation mil'dly. decreased cell
PHKs 9 > > survival when given alone. However, significant decrease
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(P<0.05) was detected upon treatment with both.
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Fig. 4 Effect of « irradiation on survival of cervical cancer cells in a
single agent treatment and in combination with MJ. Cervical cancer
cells were seeded in Kapton wells at a density of 3% 10* cells per well
and exposed to alpha particles at the indicated doses 24 h later. After
being irradiated in the Kapton wells, the cells were harvested and
plated sparsely into 6 cm culture dishes. Cells were allowed to grow
and proliferate for 12—14 days with medium change twice a week. a
Representative clonogenicity assay b Survival curves of different cer-
vical cancer cells after « particles irradiation with the indicated doses.

Although o irradiation and MJ at doses of 0.25 Gy and
0.1 mM, improved cell killing in combination treatment
of HelLa and CaSki,
statistically significant.

the decrease in survival was not

Table 5 Long term ID50 of MJ, cisplatin, X-ray and o irradiation
towards different cervical cancer cells

Cell line  ID50

MJ (mM) Cisplatin (uM)  X-ray (Gy)  Alpha (Gy)
SiHa 0.17 0.09 1.25 0.4
CaSki 0.27 >0.3 1.2 0.12
HeLa 0.28 0.06 1.4 0.2
C33A 0.34 0.09 1.9 0.24

1.5 2 0.25Gy 0.1mM 0.25Gy+0.1mM

Gy

The data represent the mean surviving fraction as compared to control
(1)£SEM obtained from 2 to 3 independent experiments in triplicates.
P values less than 0.05 (P<0.05) were considered significant (marked
with *). ¢ 24 h after irradiation and plating into 6 cm culture dishes,
cells were treated with 0.1 mMM]J for 24 h and afterwards allowed to
grow and proliferate until colonies were formed. The results represent
the mean fraction of surviving colonies in treated cells compared to
control + SEM. Results are from 2 independent experiments in tripli-
cates. P<0.05 was considered significant (marked with *)

In conclusion, short and long term cytotoxicity experi-
ments identified o-irradiation as an effective and selective
irradiation agent, significantly reducing cervical cancer cell
viability and survival. In addition, improved killing upon
combination with MJ was achieved in certain cell lines.

Discussion

In the present study we investigated the effectiveness of MJ
in combination with cisplatin or X- ray irradiation on cervi-
cal cancer cells. In addition, for the first time, the effect of
alpha irradiation, which is the basis for a novel treatment of
solid tumors, was evaluated on cervical cancer cells as a
single treatment and in combination with MJ. The effective-
ness of treatments was tested in short and long-term
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cytotoxicity assays namely, cell viability and survival
assays. These assays evaluate different cell characteristics.
The XTT assay is indicative for a short term effects of the
agent on cell viability, which is the ability of a cell to
preserve its physical integrity and an active respiratory
metabolism, whereas the clonogenic ability of cells reflects
long-term damage effects which are related to the ability to
resume proliferation and growth capacity.

The aim of our studies with MJ was to determine whether
MIJ could be a substitute for currently used treatments in
case of tumor resistance and secondly, whether MJ can
cooperate with currently used and novel treatments to in-
crease sensitivity and reduce drug or irradiation doses.
Combination therapy has three important expected advan-
tages over single agent therapy. First, it can maximize tumor
cell killing while minimizing collateral damage by using
agents with non-overlapping dose limiting toxicities. Sec-
ond, it may increase the range of drugs against tumor cells
with endogenous resistance to specific types of therapy.
Finally, it may also prevent or slow the development of
newly resistant tumor cells [31]. Several findings point to
the advantage of MJ. Although the doses of cisplatin which
induced ID50 were about 2,000 time lower than the doses of
MIJ (mM) (Table 5), the doses of MJ are within the in-vivo
accepted pharmacological doses based on the pharmacolog-
ical concentrations achieved in plasma upon administration
of a well- studied, closely related plant stress hormone,
salicylic acid [32]. In addition, we showed previously [16,
17] and herein, that MJ exhibits selective cytotoxicity
against cervical cancer cells with almost no effect on normal
human keratinocytes (Figs. 2 and 3). Most importantly, the
data showed that the relative cell response to MJ among the
different cervical cancer cells lines, in terms of cell survival,
is different from the response hierarchy exhibited to other
drug or irradiation treatments (Table 5). This suggests that
MJ may replace current treatments in case of tumor resis-
tance to commonly used therapies. CaSki cells, for example
that showed marked resistance to cisplatin, exhibited signif-
icant sensitivity to MJ. Thus, in case of tumors resistant to
cisplatin, MJ may be considered as an alternative.

In this study we also show the advantage of combination
treatments with MJ in reducing the doses of cisplatin, X- ray
irradiation and o irradiation. We addressed three different
parameters in the cooperation testing assays. First, the sta-
tistical significance of the dose difference between the indi-
vidual and combined treatment. Second, the ability of the
combined treatment to lower the ID50 values of the indi-
vidual treatment. Third, the combination index value (CI)
which is a mathematical objective definition for the nature
of interaction. The CI may imply on the efficiency of the
combination treatments at the therapeutic level. A signifi-
cant cooperation of MJ and cisplatin was observed in CaSki,
C33A and HeLa cells using several concentrations (Fig. 1
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and Table 1), and moderate cooperation in SiHa cells. This
suggests the possibility of combination treatment with the
two agents, thereby, reducing cytotoxicity of cisplatin. We
found synergistic activities in certain doses that may suggest
combined activity in cell killing through different molecular
pathways. Previous studies also showed that MJ is capable
to cooperate with cisplatin to enhance cytotoxicity in other
cancer cell lines [19, 20].

We showed that high doses of X- ray irradiation (1 and
3 Gy) significantly reduced cell survival of all cervical cancer
cell lines. PHKs were less affected by the irradiation treatment
compared to the carcinoma cell lines, although inhibition of
survival was still detected at high doses of irradiation (3 Gy,
50 % inhibition). The hierarchy of cell sensitivity to MJ and X
-ray irradiation was similar (Table 5) implying common path-
ways of cell death. Combination of both treatments was also
favorable, as indicated by the higher reduction of cell survival
and reduced ID50 values of X-irradiation upon treatment in
combination with MJ. Thus, MJ as adjuvant to X- ray irradi-
ation could potentially allow lower doses of X- ray irradiation
and reduced side effects.

Alpha radiation has several features which make it suit-
able for local treatment of tumors. Alpha particles are char-
acterized by high energy deposition, high relative biological
effect (RBE), and low track path length [33], which suggests
limited irradiation of the tumor cells and no irradiation of
normal cells. In addition, sensitization of cells to high linear
energy transfer (LET) irradiations, such as alpha particles,
causes cell death mainly by DNA double strand breaks
which is independent of cell cycle progression and oxygen
consumption [34]. Thus, alpha particles are potential candi-
date for the treatment of cervical cancer which is highly
localized in its initial stage. The data described herein show,
for the first time, the effectiveness of « irradiation against
cervical cancer cells. When comparing « irradiation and X-
ray irradiation we noted two intriguing differences. First, in
general, the cervical cancer cells were much more sensitive
to alpha irradiation than X -ray irradiation. At the same
irradiation doses, the ID50 values for « irradiation were
about 8 times lower than that of X- irradiation (Table 5).
Secondly, the cervical cancer cells relative sensitivity to o
and X- irradiation was different. Because of the nature of o
radiation described above, and the low doses of irradiation
required to cause the same effect as X- ray irradiation, o
irradiation could possibly be more effective than X- ray
irradiation in the treatment of cervical cancer tumor.

We observed a cooperative effect between « irradiation
and MJ in some cervical cancer cell lines, indicated in the
cytotoxicity (SiHa, C33A) or survival (C33A) assays
results. The collaboration may be an outcome of the differ-
ent main targets of each agent, mitochondria for MJ and
DNA for alpha irradiation. With the suboptimal dose of MJ
and « irradiation used, a significant cooperation in cell
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killing was observed in C33A cells, but mild effects in SiHa
and HeLa cells. Higher doses or longer treatment with MJ
could possibly increase the efficacy of « irradiation in these
cells. Additional studies are needed to determine the range
of effective doses for « irradiation alone and in combination
with MJ that induce effective killing in cervical cancer cells,
as well as studies to determine the mechanisms of action of
« irradiation in these cells.

In summary, our study shows that « particles, which serve
as a basis for a novel irradiation modality (i.e. DaRT), and MJ,
a novel anticancer agent, exhibit potent short and long term
cytotoxic effects on cervical cancer cells when given alone
and in combination. In addition, MJ cooperated with current
therapies for cervical cancer namely, cisplatin and X -ray
irradiation. This makes « irradiation and MJ promising can-
didates for treatment of cervical cancer. Additional studies are
needed to determine the efficacy of the agents, in vivo, in
xenograft tumor models of cervical cancer.
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