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Abstract

Background Prostate cancer is the second most prevalent and the fifth deadliest cancer among men worldwide. To improve
radiotherapy outcome, we investigated the effects of 7-geranyloxycoumarin, also known as auraptene (AUR), on radiation
response of prostate cancer cells.

Methods and results PC3 cells were pretreated with 20 and 40 pM AUR for 24, 48 and 72 h, followed by X-ray exposure
(2,4 and & Gy). After 72 h recovery, cell viability was determined by alamar Blue azzay. Flow cytometric analysis was per-
formed to assess apoptosis induction, clonogenic assay was carried out to investigate clonogenic survival, and the expression
of P33, BAX, BCL2, CCNDJI and GATAS was analyzed by gquantitative polymerase chain reaction (gPCE). Cell viability
aszay indicated that toxic effects of radiation was enhanced by AUR, which was also confirmed by increased numbers of
apoptotic cells and reduced amount of survival fraction. The gPCR results demonstrated significant induction of P33 and
BAX, while the expression of BCL2, GATAS, and CCNDJ was significantly downregulated.

Conclusion The findings of the present study indicated, for the first time, that AUR. improved radio sensitivity in prostate
cancer cells, and thus, has the potential to be used in future clinical trials.
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Introduction

Prostate cancer is considered as the second most prevalent
neoplazm and the fifth leading canse of cancer death among
men worldwide, with a total of 1,414,259 registered cazes

= Fatemeh B. Rassouli and 375,304 related deaths in 2020 [1]. The use of ioniz-
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Fig. 1 Chemical structure of 7-geranyloxcycoumarm (AUR).

clazzified into three categories as follows; small molecules
such as free radicalz and pseudo substrates, macromolecules
like miRNAz and proteins, and nanomaterials such as nano
formulated drugs [7]. Various mechanizms are involved in
the radio sensitization of tumeor cells, including suppres-
zion of endogenous radioprotective substances, formation
of cytotoxic agents, inhibition of DNA repair biomolecules,
and alteration of signaling pathways [2].

Natural products with preventive and anticancer prop-
erhies are potential candidstes for reducing radiotherapy-
induced side effects [9]. Coumaring are a group of natural
compounds that induce antitumor effects at low concentra-
tions, therefore, could act as potential agents in adjuvant
therapies [10]. 7-Geranyloxycoumarin (Fig. 1), alzo kmown
as auraptene (AUR), exerts anticancer effects by interfer-
ing with various signaling pathways related to cytokines,
growth factors, and/or apoptosis [11]. In addition, AUR
has the potential to improve radic sensitivity of gastric and
colon carcinoma cells [12, 13].

Congidering the anticancer propertiez of AUR, in sin-
gle use or in combination with therapeutic modalities, we
hypothesized that AUR could act as a radiosensitizer and
enhance the efficacy of IR in human prostate cancer cells.
Hence, the effectz of AUR, alone and in combination with
IR, was investigated on the viability of cells by alamar Blue
asszay at first. Then, flow cytometry analysis with annexin V
and propidium iodide (PI) was performed to azzess apopto-
zis induction, and clonogenic azzay was carried out to inves-
tigate clonogenic survival. Finally, the expression of genes
involved in IR.-induced apoptosis was analyzed by quantita-
tive polymerase chain reaction (gPCR).

Materials and methods
Synthesis of AUR
Synthesiz of AUR was done through a reaction between

T-hydroxycoumarin (1 M) and trans geranyl bromide (1.3 M)

@ Springer

Table 1 * Hand © € NMR spactra of AUR [23]
HLNMR data (CDCL, 300 MHz? ECME data
(CDCI,, 125.7 MHz)
H AUFR. C AUR
2 - 2 161.2
3 624 d(9.5) 3 112.9
4 763 d(3.6) 4 143.4
z 736d(7.2) 5 128.6
[ 685dd (72 6 1132
2.0)
7 - 7 162.1
] 682402.0) g 101.5
] - 9 155.8
10 - 10 1123
1’ 459407.0) I 654
2 54T(7.0) 2 1183
¥ - 3 142.3
e 213m & 39.4
g 215m 5 2.4
[ 5.08 (7.0 3 123.5
7 - 7 131.9
& 175m S 16.7
g 165m g 256
10 1.59 q (7.0) 10 176
1’ - 1 -
17 - 1 -
13 - 13 -
14 - 4 -
18 - 15

® T values are in parenthesis and reported m Hz; chemical shifts are
ETven In ppm

in the presence of 1 2-diazabicycle (5.4.0) undec-7-ene
(2 M), as previously described [14]. In order to purify AUR,
column chromatography (petroleum ether/ethy] acetate 9:1
v/v) was performed (mp = 62.7-63.4 °C). ' H and ** C NMR
were used fo confirm the AUR structure (Table 1). Dimethyl
sulfoxide (DMS0) (Merck, Germany) was used as solvent
to prepare different stock solutions of AUR, and final con-
centrations were prepared with complete culture mediom
just before treztment. To note, untreated cells and cells
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treated with 0.4% v DMS0O were considered as controls
in all experiments.

Cell culture

Hurnan prostate cancer cell line (PC3) was purchased from
Pasteur Institute of Iran (Tehran, Iran). Cells were main-
tained in RPMI 1640 medium (Biowest, France) supple-
mented with 10% fatal bovine serum (Biowest, France) and
1% penicillin-streptomyein (Biowest, France). Cells were
incubated at 37°C in a humidified environment of 95% air
and 3% OO,

Cell viability assay

Tir determine viahility of cells, alamar Blue assay was per-
formed according to the following procedure; First, cells
were cultured in 96-well plates and incubated overnight.
Then, for single administration of AUE. cells were treated
with 5, 10, 200, 40, or 80 pM AUR and incubated for 48, 72,
G0, 120, and 144 h as distinenished groups, For AUR + IR
combinatorial treatment, cells were pretreated with 20 and
A0 phd AUR for 24, 48, and 72 h, followed by exposure to
24, and & Gy of X-ray (BElekta Compact™ linear accel-
erator, Crawley, United Kingdom) and 72 h recovery time.
For viabihity assessment, alamar Bloe reagent (001 mg/ml,
Sigma-Aldrich, Germany) was added to each well (18pL/
well) followed by 3 h of incubation. Then, the optical den-
sity (D) was measured by a microplate reader (Biotek,
UUSA) at 600 nm, and cell viability (%) was calculated by
the following equation:

Detection of apoptosis

After single and combinatorial administrations of AUR,
induction of apoptosis was investigated. Briefly, untreated
cells and cells treated with 40 phd AUR, alone and in com-
bination with 4 Gy IR, as well as their relevant DMSO con-
trofls, were collected and washed with chilled phosphate
buffered saline. Then, a staining protocol with fluorescein

isothiocvanate - Annexin V and PI {MabTag, Germany) was
applied according to the manufacturer’s instruction, Finally,
cells were aszessed by a flow cytometer (BD FACS-Cali-
bur) using FL1 and FL2 filters, and data were analyzed with
Flowlo software version 7.6,

Clonogenic assay

To assess clonogenic survival upon combinatorial treatment,
cells were cultured in 96-well plates and treated with 40 pM
AUE, while 0.4% DMS0O and vntreated cells were con-
gidered as contrals. After 72 h, cells were exposed to 4 Gy
IE followed by 24 h recovery, Then, cells were harvested,
counted and seeded onto 12-well plates and incubated for
#—10 daws for the colony development. Afterwards, colonies
were fixed with methanal (Merck, Germany) and stained by
Giemsa (Labtron, Iran) followed by rinsing with distilled
water, Staned colonies were manually counted under an
inverted microscope {Labomed). A colony was defined to
consist of at least 50 cells. The experiment was carmied out
in triplicate and three independent experiments,

Plating efficiency (PE) and survival fraction (53F) werne
calculated vsing the following formulas:

PR — daumdes of

o enl i fermnaid [ s of ecdle anedad 5 100

S = panber of colenies formed) franber of ceily sesded % K]

gPCR for gene expression analysis

Upon treatment of cells with AUR alone and in combination
with IR, the expression of candidate genes was evaluated by
QPCR. Tn summary, total RNA was collected from all exper-
imental gronps using an BNA extraction kit (Denazist Asia,
Tran} based on the manufacturer’s protocel. Then, cDNA
synthesis was carried out (Parstous, Iran), and the fidelity of
amplificd cDMAS was validated by PCR using THP primers
{Table 2). The Rotor-Gene 600 detection system ((Hagen,
Germany) was used w perform gPCR Tor P33, 84X, BCL2,
CONDY and GATAS by SYBR green mix and primers listed
in Table 2, PCR cycling conditions were as 94 °C [or 5 min,
[93 °C for 15 5, 38 *C for 30 5, and 72 °C for 30 5] 3% cycles,

Table2 Primer sequences and (rene name 5'—3" Forward primer 5'—3' Reverse primer TProduct

praduct length used in the current size

sluily (B}
TR ACAACAGCCTOOCACCTTA GAATAGOGCTOTOOGOTOAGT 120
P53 GITOCGAGAGCTGAATGAGD TTAINGGUGGOAGGTAGAC TG 123
RCL2 GATGACTGAGTACCTEAACCG CAGAGACAGUCAGGAGAAATC 124
BAX COACGAACTOOACAGTAACATOG GUAAAGTAGAANAGGOCGA- 150

CAAL

COND TOAAGGAGACCATCCCOCTG TGTTOAATGAAATOGTGOG 151
GATAS GUCAACTOICACACCACAAC AGLTOGAGTUATGGOANTGEG 125
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Statistical analysis

Statistical analysis was performed by GraphPad Prism 7.01
(San Diego, CA, USA), and one-way ANOVA and Tukey
tests were used for multiple comparison. The data are pre-
sented as the mean + standard deviation (mean+SD), and
significant differences were defined as p values <0.05, 0.01,
0.001 and 0.0001.

Results

AUR enhanced radiation response of PC3 cells

To investigate the effects of AUR and AUR + IR, PC3 cells
were treated and viability was evaluated by alamar Blue

a)

1204

assay. As presented in Fig. 2-a, AUR reduced cell viabil-
ity in a time- and concentration-dependent manner, and
significant (p < 0.01) decrease in viability of cells was only
observed upon treatment with 80 pM AUR. Accordingly,
40 pM AUR, a concentration at which cell viability was
around 80% in all 5 time points, was chosen for combinato-
rial treatment.

To evaluate the effects of AUR on radiation response of
cells, 24, 48 and 72 h pretreatment with 40 pM AUR was
followed by IR exposure (2, 4 and 6 Gy), and viability was
assessed upon 72 h recovery. Results revezled a substantial
increase in the toxicity of applied IR in almost all groups,
as compared to the control samples treated with 0.4%
DMSO +2, 4, and 6 Gy (Fig. 2-b). In particular, viability
was significantly (p <0.0001) decreased when cells were
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Fig. 2 (a) Cytotoxicity of 0.4% DMSO and different concentrations
of AUR on PC3 cells after 48, 72, 96, 120, and 144 h treatment. (b)
Viability of PC3 cells upon pratreatment with 0.4% DMSO and 20 and
40 uM AUR, followad by X-ray exposure at 2, 4, and 6 Gy All expeni-
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48h AUR pretreatment

7Zh AUR pretreatment

ments wers camad out m triphicate for at least 3 times, and results
are presented as amean+ SD. *p < 0.03, **p<0.01, ***p < 0.001 and
*33%p <0.0001.
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pretreated with 40 uM AUR for 48 h followed by 4 Gy radi-
ation exposure.

Alterations in the density and morphology of PC3 cells
after single and combinatorial treatments confirmed results
of viability assay. As shown in Fig. 3, number of attached
and alive cells was reduced after single administration
of AUR and IR. However, when cells were treated with
AUR +IR, not only density of cells decreased considerably,
but also cells were aggregated and granulated.

Combination of AUR and IR increased PC3 cell
apoptosis

To investigate cell apoptosis induced by AUR +IR, flow
cytometry was carried out after Annexin V and PI staining.
Figure 4-a-g demonstrates alive, apoptotic and necrotic cells
upon single and combinatorial treatments. As shown, after
treatment with 40 pM AUR, 73.8%, 7.9%, and 15.9% of
cells were alive, early apoptotic, and late apoptotic, respec-
tively. In the case of AUR + IR treatment, 63.6%, 4.8% and
24.5% of cells were detected as alive, early apoptotic and
late apoptotic, respectively, which was different form the
percentage of cells in the relevant DMSO + IR treatment.

Fig. 3 Phase contrast photomicrographs of (a) untreated PC3 cells and cells treated with (b) 40 UM AUR, (c) 4 Gy IR, and (d) 40 pMAUR +4 Gy
R
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Fig.4 Fepresentativ

and PI dot plots for (a) untreated P LFE I -
cells and cells treated with (b) >
0.4% DMSO, (c) 40 uM AUR,
(d) 4 Gy IR, (¢) DMSO+IR
and (f) AUR+IR. (g) Amounts

L E
a

Aln

of alrve, early apoptotic, late -’ D
apoptoﬁc and necrotic cells in |2 e
different treatment groups after "'A'ﬂ—-,l-——-—-“ﬂ-
flow cytometry analysis. (h)
Clonogenic survival of PC3 calls
upon coadministration of AUR e
and IR_ Apoptosis detection was o
performed two times and clono-
genic assay was carmed out m
triplicate and three independent >
experiments. Results are pre-

sented as mean 4 SD. *p<0.03, "
**%p <0.001 and ****p < 0.0001. i

Coadministration of AUR and IR reduced clonogenic
survival

To further study radio sensitizing effects of AUR, untreated
cells and cells treated with 0.4% DMSO and 40 pM AUR
were exposed to 4 Gy IR and assessed for colony formation
during 8-10 days. As presented in Fig. 4-h, pretreatment
with AUR significantly (p <0.0001) reduced survival frac-
tion of irradiated PC3 cells in comparison with untread and
DMSO controls.

Combinatorial treatment altered the expression of
genes involved in IR-induced apoptosis

To unravel the mechanisms involved in AUR + IR effects,
the expression of P33, BAX, BCL2, CCNDI and GATA6
was investigated (Fig. 5). Results revealed that single use of
AUR and IR increased PJ3 expression, however, up regu-
lation of this gene was more significant (p <0.0001) after
combinatorial treatment. Likewise, when compared with
other treatments, overexpression of BAX was more consid-
erable (» <0.0001) upon AUR +IR treatment. Regarding
anti-apoptotic gene BCL2, obtained findings revealed sig-
nificant (» <0.0001) down regulation upon combinatorial

& springer

use of AUR and IR. In addition, AUR alone and in combi-
nation with IR reduced CCND. expression to lower levels
(2 <0.0001), when compared with other treatments. Last
but not least, significant (p <0.0001) induction in GATA6
expression was detected upon IR exposure, although such
change was not observed after AUR + IR treatment.

Discussion

Prostate cancer is the second most prevalent cancer in men
worldwide, accounting for 13.5% of all diagnosed cancer
cases in males [13]. Despite many advancements in the
diagnosis and treatment of prostate cancer, this neoplasm is
considered as the fifth cause of cancer-related death among
men [1, 16]. Although radiotherapy is 2 major modality for
cancer treatment, there are still intractable challenges to
enhance IR effects on cancer cells and simultaneously min-
imize side effects to nearby healthy tissues. To overcome
this obstacle, one strategy is the enhancement of radiation
response in cancer cells. In this regard, radiosensitizers
have attracted a lot of attention, as they make cancer cells
more susceptible to IR-induced damages via inhibition of
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Fig.5 (a) Expreszion levels

of P33, BAX, BCT.2 CCNDY
and GATAS in DAMSO, AUR,
IR, DMSO +IF, and AUR + IR
of BAXBCL 2 expression ratio
after AUR. and AUR + IR treat-
ment. Fesulis are presented az
mean 4 50 from three indepen-
dent experiments. *p < 0.03,
**pn.< (.01, **p< 0.001 and
*E¥n < 0.0001.
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signaling pathways and interfere with biomolecules to name
a few [E].

AUE. is a natural coumarin with valuakle pharmaceuti-
cal properties. For instance, anticancer activity of AUR
has been demonstrated in glioblastoma, colon, and breast
carcinoma cells [17-19]. Since this agent induces antican-
cer effectz at low concentrations, it could be utilized as
an adjuvant for radiotherapy [9-11]). Recent studies have
reported synergistic activity of AUR with other therapen-
tic modalities, such as chemotherapy, thermal therapy and
radiotherapy [12, 13, 20]. Studying the effects of AUR on
human colon adenocarcinoma cells revealed improvement
in radiation response, which was mediated by alterations in
P2l and GATA6 expression [20]. Furthermore, radic sensi-
tizing effects of AUR have been reported in vivo, and down
regulation of CCNDJ and CD44, along with involvement of
PI3E-AKT-mTORC signaling pathway and caspase-3 activ-
ity were confirmed in AUR + IR treatment [12]. Findings of
the present study are in consistent with previous reports, and
indicate that AUR. is 2 potent agent that enhances the cyto-
toxic effects of radiation on prostate cancer cells.

Exposure of cells to IR induces various alterations in cell
growth, intercellular communication and transcriptome that
are all associated with cellular morphelogical phenotypes
[21]. For instance, increased velume, decreased projected
area and changes in cellular roundness have been reported
in endothelizl cells, osteoblasts and bladder carcinoma cells
upon X-ray irradiation [22, 23]. In consistency, we observed
morphological changes, in the forms of granulation and
aggregation, upon irradiation of prostate cancer cells. In
addition, it has been reported that pretreatment of colon
cancer cells with AUR. potentizted granulation, detachment,
and apoptotic morphology of irradiated cells [20], which is
alzo gimilar to our observations.

HAY Tald change #xpressios
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The most frequently used method to quantitatively evalu-
ate radiation response of cells is clonegenic survival assay,
which iz bazed on the capacity of single cellz to grow to col-
oniez [24]. Regarding PC3 cellz, it has been demonstrated
that inhibition of NF-«xB and treatment with 5-thiccyanato-
2'-deoxyuridine enhanced sensifivity and reduced clono-
genic survival upon IR exposure [23, 26]. Likewize, findings
of the present study indicated that pretreatment of PC3 cells
with AUR improved radio sensitivity and decreased clono-
genic survival.

In order to determine the underlying mechanizms of
AUE +IR action, the expression of genes involved in IR-
induced apoptosiz was evaluated. P33, a tumor suppressor
protein, is activated by radiation-induced DNA damages,
and regulates the expression of genes invelved in cell cyele
arrest and apoptosis such as BAY and BCI2 [27]. While a
homodimer of BAY induces apoptosis, 2 BAX-BCL2 het-
erodimer leads to the survival of cells [28]. AUR haz the
potential to alter the expression of P33, BAX and BCL2
[29-33]. In addition, single administration of IR induced
changes in the pattern of P33, BAX, and BCL2 expression
[34, 35]. Present results revealed overexpression of P33
upon zingle use of AUR and IR, and such increaze was
more considerable when cells were treated with AUR + IR
Furthermore, combinatorial treatment induced positive and
negative regulatory effects on BAY and BCL2 expression,
respectively. Accordingly, BAX up regulation and BCL2
suppression probably led to the formation of more BAX-
BAX homodimers rather than BAX.BECL! heterodimers,
which could explain, to some extent, the increased mumber
of apoptotic cells after AUR + IR freatment. CCND1 is an
important regulator of the cell cycle, and its overexpres-
sion iz associated with prostate cancer progression [36].
Down regulation of CCNDJ resulted to a longer duration
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of G; phase, and thus, reduced proliferation of cancer cells
[37-39). Previcusly, decreased expression of CCNDJ was
demonstrated after AUR +IF. treatment of colon cancer
cellz [12]. Similarly, our findings revealed that AUR. alone
and in combination with IF. considerably reduced CCNDJ
expression in prostate cancer cells. GATAS is a transcrip-
tional regulator with tumor suppressive action. A high level
of GATAS expression, which has been reported in various
cancers, was associated with tumor progression [40]. It has
been shown that iradistion of cancer cells induced GATAS
expression [41]. On the other hand, pretreatment with AUR
followed by X-ray exposure prevented such alteration to be
observed [20]. Our results are in agreement with previous
reports, since up regulation of GAT46 was detected in irra-
diated PC3 cells, while such change was not detected after
AUR + IR treatment.

Conclusion

The findings of the present study indicated, for the first
time, that AUR. improved radiation effects on prostate can-
cer cells. In case firture resezrch on animal models confirms
AUR potential, thiz natural coumarin could be used as a
radiozensitizer in clinical trials.
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