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ORIGINAL ARTICLE

Coadministration of auraptene and radiotherapy; a novel modality against colon
carcinoma cells in vitro and in vivo

Hamide Salaria�, Amin Afkhami-Poostchia�, Shokouhozaman Soleymanifardb , Saeideh Nakhaei-Radc,
Elahe Merajifara, Mehrdad Iranshahid , Maryam M. Matina,e,f , and Fatemeh B. Rassoulie

aDepartment of Biology, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran; bMedical Physics Research Center, Mashhad
University of Medical Sciences, Mashhad, Iran; cStem Cell Biology and Regenerative Medicine Research Group, Institute of Biotechnology,
Ferdowsi University of Mashhad, Mashhad, Iran; dBiotechnology Research Center, Pharmaceutical Technology Institute, Mashhad University
of Medical Sciences, Mashhad, Iran; eNovel Diagnostics and Therapeutics Research Group, Institute of Biotechnology, Ferdowsi University of
Mashhad, Mashhad, Iran; fStem Cells and Regenerative Medicine Research Group, Iranian Academic Center for Education, Culture and
Research (ACECR), Khorasan Razavi, Mashhad, Iran

ABSTRACT
Background: Use of ionizing radiation (IR) is a common therapeutic modality for patients with
colon carcinoma, although resistance of cancer cells and unintended toxicity reduce clin-
ical outcomes.
Purpose: To enhance radioresponse of colon cancer cells, we designed a novel approach using
auraptene (AUR) in combination with ionizing radiation (IR).
Methods: For in vitro studies, CT26 cells were pretreated with AUR and irradiated at different
doses. Then, cell viability was evaluated by alamarBlue assay, and the mechanism of cell death
was elucidated using annexin V-PI. To determine efficacy of our combined therapeutic modality
in vivo, AUR was injected intraperitoneally to murine models of colon carcinoma followed by IR,
and then quantitative measurements and histopathological examinations were performed. For
molecular analyses, real time PCR and Western blot were carried out.
Results: Assessment of cell viability indicated significant enhancement of IR effects by AUR that
was also confirmed by increased number of apoptotic cells. In vivo studies further demonstrated
improved outcome in IR, since significant regression in tumor size was observed after administra-
tion of AURþ IR. Molecular analyses revealed down regulation of Cyclin D1 and CD44, along with
involvement of PI3K-AKT-mTORC signaling pathway and Caspase-3 in observed combinator-
ial effects.
Conclusion: Taken together, current findings support our previous reports on sensitizing effects of
AUR and that AUR could be used as a promising adjunct to IR in cancer treatment.

Abbreviations: AKT: protein kinase B; AUR: auraptene; CRC: colorectal cancer; DMEM: Dulbecco’s
modified Eagle’s medium; DMSO: dimethyl sulfoxide; FBS: fetal bovine serum; FITC: fluorescein iso-
thiocyanate; IR: ionizing radiation; mTOR: mammalian target of rapamycin; NMR: nuclear magnetic
resonance; PI: propidium iodide; PI3K: phosphatidylinositol-3-kinase; RPMI: Roswell Park Memorial
Institute; real time PCR: real time polymerase chain reaction; SDS-PAGE: sodium dodecyl sulfate
polyacrylamide gel electrophoresis
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1. Introduction

Recent reports on global burden of cancer have indicated
that colorectal cancer (CRC) is the third common diagnosed
malignancy, which ranks second in term of mortality (Bray
et al. 2018; Ferlay et al. 2019). Although growing incidence
of CRC has been associated with dietary habits, obesity and
lifestyle factors, declined mortality rate in more developed
countries reflects advancements in cancer diagnosis and
treatment (Arnold et al. 2017). Multimodal therapeutic
approaches that include ionizing radiation (IR) are used in
adjuvant treatment of CRC to reduce local failure and

distant metastasis (Hafner and Debus 2016).
Coadministration of classical chemotherapeutic agents with
IR has improved survival of CRC patients, however, unin-
tended toxic effects on normal tissues, as well as intrinsic or
acquired resistance of cancer cells, have prompted the inves-
tigations on specific agents as radiosensitizers (Bertocchi
et al. 2016).

Prenyloxycoumarins are biosynthetic intermediates of
coumarin derivatives, among which 7-geranyloxycoumarin,
best known as auraptene (AUR), is the most abundant nat-
urally occurring metabolite with numerous pharmacological

CONTACT Maryam M. Matin matin@um.ac.ir; Fatemeh B. Rassouli behnam3260@um.ac.ir Department of Biology, Faculty of Science, Ferdowsi
University of Mashhad, Mashhad, Iran; Novel Diagnostics and Therapeutics Research Group, Institute of Biotechnology, Ferdowsi University of Mashhad,
Mashhad, Iran�Both authors have contributed equally to this work.
Copyright � 2020 Taylor & Francis Group LLC.

INTERNATIONAL JOURNAL OF RADIATION BIOLOGY
https://doi.org/10.1080/09553002.2020.1770359

http://crossmark.crossref.org/dialog/?doi=10.1080/09553002.2020.1770359&domain=pdf&date_stamp=2020-05-29
http://orcid.org/0000-0001-7417-989X
http://orcid.org/0000-0002-3018-5750
http://orcid.org/0000-0002-7949-7712
http://orcid.org/0000-0003-1889-0964
https://doi.org/10.1080/09553002.2020.1770359
http://www.tandfonline.com


properties. In case of gastrointestinal cancers, valuable che-
mopreventive activity of AUR on rodent models of tongue,
esophagus and colon cancers (Tanaka et al. 1998; Kawabata
et al. 2000; Hayashi et al. 2007), as well as its growth inhibi-
tory effects on human gastric and colon carcinoma cells
(Epifano et al. 2013; Moon et al. 2015) have been deter-
mined. In addition, our previous reports indicated that AUR
has the potential to improve efficacy of different anticancer
modalities, including chemotherapy, IR and thermal therapy
on esophageal and colon cancer cells (Saboor-Maleki et al.
2017; Moussavi et al. 2017, 2018).

Many investigations are currently focused on administra-
tion of compounds that could enhance sensitivity of cancer
cells to conventional strategies, with minimal unfavorable
effects on non-neoplastic cells. Since IR is used for palliation
of CRC patients both at the site of primary tumor or meta-
static lesions (Cameron et al. 2016), improving radiosensitiv-
ity of cancer cells would culminate in better clinical
outcomes. Hence, we innovated a combined therapeutic
modality against CRC based on AUR as a radiosensitizer
agent. Accordingly, viability of mouse colon carcinoma cells
was determined upon treatment with AUR and different
doses of IR by alamarBlue assay, and induced apoptosis was
detected by annexin V-PI flow cytometrically. For in vivo
studies, AUR was injected intraperitoneally followed by IR
exposure, and then, quantitative measurements and histo-
pathological examinations were carried out. Finally, to have
a better understating of AURþ IR mechanism of action, the
expression of Cyclin D1 and CD44 were analyzed, and acti-
vation of PI3K-AKT-mTORC signaling pathway and also
the amount of uncleaved Caspase-3 were studied by
immunoblotting.

2. Materials and methods

2.2. Preparation of AUR

AUR was synthesized through a reaction between 7-hydrox-
ycoumarin (1M) and transgeranyl bromide (1.5M) as
described before (Askari et al. 2009). Column chromatog-
raphy (petroleum ether/ethyl acetate 9:1 v/v) was performed
for AUR purification (mp ¼ 62.7–63.4 ,(C؛ and 1H- and
13C-NMR experiments were used to confirm AUR structure.
Different concentrations of AUR were prepared by dissolv-
ing 2mg of white crystals in 100ml dimethyl sulfoxide
(DMSO, Merck), and then diluted by complete culture
medium immediately before each experiment. For accurate
interpretation of results, equal amounts of DMSO in all
AUR concentrations (0.4% v/v) were considered as controls
for in vitro experiments. Similarly, control groups for
in vivo studies (DMSO and DMSOþ IR) received 100 ml
DMSO by intraperitoneal injection.

2.3. Treatment and viability assessment of cells

Cell lines used in current study were obtained from Pasteur
Institute (Tehran, Iran). CT26 cells were grown in RPMI-
1640 (Biowest) medium supplemented with 10% FBS

(Biowest), while NIH/3T3 cells were cultured using
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% FBS. Cells were incubated at 37 �C in a humidified
atmosphere of 5% CO2 in air, and subcultured by 0.25%
trypsin-1mM EDTA (Biowest) as required.

To evaluate viability of cells upon single administration
of AUR, CT26 and NIH/3T3 cells (2000 and 8000 cells in
each well of 96 well plate, respectively) were treated with 5,
10 and 15 mg/ml AUR for 5 consecutive days. By the end of
each time point, alamarBlue reagent (Sigma) was added
(20 ml/well) and cells were incubated at 37 �C up to 90min.
Finally, absorbance was measured at 600 nm using a micro-
plate reader (Epoch) and cell viability (%) was calculated by
the following formula: 100-(AT-AU)/(AB-AU), in which
AT, AU and AB are absorbance of treated cells, untreated
cells and blank control, respectively.

In combinatorial treatments, CT26 cells were first treated
with AUR for 24, 48 and 72 h. Afterwards, cells were
exposed to IR using an X-ray linear accelerator (Philips,
dose rate: 151.106 cGy/min) at three different doses (2, 4
and 6Gy). Then, cells were recovered for 48 and 72 h at
37 �C, and finally, they were assessed for viability.

2.4. Detection of apoptosis

Upon combinatorial treatments of CT26 cells, apoptosis was
assessed by fluorescein isothiocyanate (FITC) annexin V and
propidium iodide (PI, BioLegend) according to the manufac-
turer’s protocol. Briefly, treated cells and their relevant con-
trols were collected, suspended in staining buffer, and
stained with FITC-annexin V and PI for 15min at room
temperature in the dark. Finally, binding buffer was added,
and cells were analyzed by flow cytometry (BD-Accuri C6)
using FL1 and FL2 filters.

2.5. Tumor implantation and treatments

BALB/c male and female mice were maintained and repro-
duced in an animal house at Ferdowsi University of
Mashhad (FUM) and experiments were carried out on their
male offspring (6–8weeks of age). Mice were provided with
water and laboratory chow and housed at 25 ± 2 �C and a
12 h light-dark cycle, and all experiments were conducted in
accordance with FUM approved codes of the care and use
of laboratory animals.

Mice were subcutaneously implanted with CT26 cells
(2� 106 cells/100ml PBS) in the right flank, and implanted
tumors were allowed to reach the volume of 100-300mm3.
Then, animals were randomly divided into six groups; PBS
group (n¼ 4) received intraperitoneal (i.p.) injection of
100ml PBS for 3 consecutive days, DMSO group (n¼ 4)
received DMSO in the same manner and AUR group
(n¼ 5) received i.p. injection of 100mg/kg AUR for 3 days.
For the next three groups, combinatorial approaches were
performed in the same way, as PBSþ IR group (n¼ 6)
received i.p. injection of 100ml PBS during 3 consecutive
days, and on day 3, animals were exposed to 10Gy local IR
using X-ray linear accelerator, DMSOþ IR group (n¼ 6)
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received i.p. injection of 100ml DMSO for 3 days followed
by 10Gy local IR exposure, and AURþ IR group (n¼ 8)
received i.p. injection of 100mg/kg AUR for 3 days followed
by exposure to 10Gy local IR. To note, mice in these three
groups were anesthetized for 10min with combination of
ketamine and xylazine (Alfasan) before IR exposure.

During 10 days post-radiation, tumor volume (length-
�width� height � 0.5) was measured by a single observer
with a digital caliper (Mitutoyo) with 0.01mm precision.
Relative tumor volume (RTV) was calculated as follows: V/
V0, where V and V0 were mean TV of each group at a given
time and at the beginning of measurements, respectively
(Wang et al. 2015). In addition, to calculate tumor growth
inhibition (TGI), the following formula was used: (V/V0)/
(Vk/Vk0) � 100 where Vk and Vko were mean TV of control
group at a given time and at the beginning of measurement,
respectively (Brezaniova et al. 2016). Finally, all mice were
sacrificed, fresh tumor tissues were collected for molecular
analysis, while the rest of tumor as well as spleen and liver
of each animal were fixed and used for histopathological
examinations upon hematoxylin and eosin staining.

2.6. Gene expression analysis

To analyze the expression of Cyclin D1 and CD44 upon
combinatorial treatment, total RNA was extracted from all
experimental groups using an RNA isolation kit (Riz
Molecule DANA). Then, cDNA was synthesized using M-
MuLV reverse transcriptase (Takara) according to the manu-
facturer’s instruction, and fidelity of amplified cDNAs was
confirmed by PCR using b-Actin primers (F: CGCCA
CCAGTTCGCCATGGA and R: TACAGCCCGG
GGAGCATCGT). Real time PCR was conducted in iQ5 real
time PCR detection system (Bio-Rad) using SYBR green mix
(Amplicon) and specific primers for Cyclin D1 (F:
AGTGCGTGCAGAAGGAGATT and R: CACAACTTCTC
GGCAGTCAA) and CD44 (F: TGAAACATGCAG
GTATGGGT R: GCTGAGGCATTGAAGCAATA). For data
analysis, GenEx software was used and b-Actin transcripts
were considered as internal control. PCR cycling conditions
were as follow: 95 �C for 5min, [95 �C for 15 s, 55 �C for
15 s, 72 �C for 15 s] (50 cycles) for Cyclin D1 and 95 �C for
5min, [95 �C for 20 s, 60 �C for 30 s, 72 �C for 30 s] (40
cycles) for CD44.

2.7. Western blot analysis

For total protein extraction, cells treated with AUR and IR
alone or in combination, as well as their relevant DMSO
controls, were harvested in lysis buffer (50mM Tris-HCl pH
7.5; 100mM NaCl, 2mM MgCl2; 1% triton X-100; 10% gly-
cerol; 20mM beta-glycerophosphate; 1mM Ortho-Na3VO4;
and EDTA-free protease inhibitor (Roche, Germany)). After
determining protein concentration with Bradford assay, a
total of 30 mg protein was separated by 10% (w/v) sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). The protein bands were then electroblotted onto a
nitrocellulose membrane (Amersham Protran) and blocked

in TBST buffer (Tris-buffered saline, 0.05% Tween 20;
Sigma) containing 5% nonfat milk (Bio-Rad) for 1 h.
Afterwards, proteins were incubated overnight at 4 �C with
primary antibodies diluted in 5% nonfat milk/TBST: mouse
anti-c-tubulin (Sigma-Aldrich, #T5326), anti-rabbit Cyclin
D1 (Cell Signaling, #55506), anti-rabbit phospho-AKT
(S473, Cell Signaling, #4060), anti-rabbit AKT (Cell
Signaling, #4691) and anti-rabbit Caspase-3 (Cell Signaling,
#14220) and followed by incubation with peroxidase-conju-
gated anti-mouse/rabbit IgG (Cell Signaling) at room tem-
perature for 1 h. Then, blots were developed using enhanced
chemiluminescence (Clarity Western ECL Substrate, Bio-
Rad) and detected by a bioimaging system (G-Box syngene).
The density of each band was quantified by densitometry of
scanned signals with the aid of Image Studio (version 5.2).
For Cyclin D1 blotting, the obtained densitometry values for
each condition in all groups were normalized to c-tubulin
and divided to PBS control. For pAKT blot, density of each
band was normalized to the total amount of AKT (pAKT/
AKT) and within individual groups (�IR and þIR) was div-
ided separately to their PBS controls.

2.8. Statistical analyses

Normal distribution of data was determined by
Kolmogorov-Smirnov normality test followed by one-way
ANOVA or Mann-Whitney nonparametric analysis using
SPSS software. Values were expressed as mean± SEM, and p
values less than .05 and .01 were considered to be statistic-
ally significant.

3. Results

Viability assessment of CT26 and NIH/3T3 cells indicated
low toxicity of AUR during 5 days of treatments. Upon
120 h treatment with 10 and 15 mg/ml AUR, CT26 cell via-
bility was calculated as 93% and 86%, respectively, and these
data were determined as 85% and 73% for NIH/3T3 cells,
respectively. Noticeably, viability of both cell types was
higher in shorter periods (data not shown).

As shown in Figure 1, pretreatment of CT26 cells with
AUR followed by IR exposure at different doses resulted in
enhanced radioresponse of cells. Most notably, 10 and
15 mg/ml AUR increased toxicity of 4Gy IR up to 15.6% and
31.2% after 48 h recovery time (Figure 1(B)) and up to
28.3% and 32% when cells were recovered for 72 h (Figure
1(E)). In addition, improved efficacy of 6Gy IR by 10 and
15 mg/ml AUR were calculated as 19.5% and 29.4% after
48 h recovery of cells (Figure 1(C)). Further evaluating AUR
effects on IR-induced cell death by flow cytometry revealed
considerable increase in the percentage of early and late
apoptotic cells (Figure 2(A)). Likewise, morphological altera-
tions, in the form of dispersed cells with cytoplasmic granu-
lation, were obvious after coadministration of AUR and IR
in comparison with control treatments (Figure 2(B–E)).

Role of AUR as a radiosensitizer in vivo was also exam-
ined in BALB/c mice bearing CT26 colon carcinoma. After
three consecutive injections with PBS, DMSO or AUR
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(100mg/kg bw), three groups received localized IR (10Gy)
and all animals were examined for tumor growth during
10 days. As shown in Figure 3(A,B), absolute tumor volumes
in all groups except AURþ IR increased in a time-depend-
ent manner. At the end of experiment (day 10), RTVs of
PBSþ IR, DMSOþ IR and AURþ IR groups were 5.2 ± 2.7,
7.3 ± 3.06 and 0.12 ± 0.05, respectively, all significantly
(p< .01) smaller than that of DMSO group (36.7 ± 5.02). To

note, RTV in AUR group (16.5 ± 5.28) was also significantly
(p< .05) smaller than that in DMSO group (Figure 3(C)).
To have a better evaluation of treatments efficacy, TGI was
also calculated. Figure 3(D) demonstrates TGI of each com-
binatorial approach based on its relevant single treatment.
On day 10, TGI was 99% for AURþ IR group, significantly
(p< .01) higher than that for PBSþ IR and DMSOþ IR
groups (73% and 81%, respectively). In addition, when TGI

Figure 2. Apoptosis detection and morphological alterations in CT26 cells. Flow cytometric detection of alive, necrotic and apoptotic cells after different treatments,
which are presented as mean ± SEM (A). Phase contrast photomicrographs of cells exposed to 4 Gy radiation (B), pretreated with 0.4% DMSO (C), 10 lg/ml (D) or
15 lg/ml (E) AUR followed by 4 Gy IR with 72 h recovery time.

Figure 1. Viability assessment of CT26 cells upon combinatorial treatment with AURþ IR. After pretreatment of cells with AUR, IR was applied at 2 Gy (A and D),
4 Gy (B and E) and 6 Gy (C and F), and cells were recovered for 48 h (A–C) or 72 h (D–F). �p< .05, ��p< .01, indicate significant difference with relevant control
(0.4% DMSOþ IR with similar dose and recovery time). Viability assessment was carried out for at least three times and results are presented as mean ± SEM.
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of AUR alone orþ IR was calculated based on their relevant
PBS controls (Figure 3(E)), a significant (p< .01) higher
inhibitory effect of combinatorial approach was indicated
again (12% vs 97%, respectively). Accordingly, injection of
AUR followed by IR resulted in a substantial growth delay
and subsequent inhibition of tumor growth rate, mainly due
to increased susceptibility of cancer cells to IR. Nevertheless,
DMSO injection, alone or followed by IR, had promoting
effects on tumor growth.

In accordance with quantitative measurements of tumors,
histopathological examinations revealed increased number of
apoptotic cells only in tumor tissues of AURþ IR group
(Figure 4(A–F)). Although one mouse in DMSO and two
mice in AURþ IR groups died during the study, evaluating
toxicity of our combinatorial approach by assessment of
spleen and liver revealed normal tissue microstructures in
all experimental groups (Figure 4(G–R)), similar to the
mean body weights in all groups that were not significantly
different at the beginning and end of the experiments (data
not shown).

To have a better understating of AURþ IR effects and
elucidate its mechanism of action, tumor tissues were ana-
lyzed for the expression of candidate genes by real time RT-
PCR (Figure 5(A)). Accordingly, down regulation of Cyclin
D1 was observed in PBSþ IR and AURþ IR groups (�1.8
and �3, respectively), while it was only significant (p< .01)
in AURþ IR group. Moreover, reduced expression of CD44
was observed in PBSþ IR and AURþ IR groups (�1.1 and
�0.6, respectively), although not significant. As illustrated in

Figure 5(B), the amount of Cyclin D1 was also evaluated at
translational level, and results showed reduced amount of
Cyclin D1 upon IR administration. More specifically, Cyclin
D1 expression was lower in AURþ IR in comparison with
its relevant control, DMSOþ IR. In addition, the impact of
AURþ IR treatment was elucidated on PI3K-AKT-mTORC
signaling pathway that is one of the main pathways regulat-
ing cell survival (Figure 5(C)). Applying antibody against
phosphorylated AKT at position Ser-473, which is down-
stream of mTOR kinase, in immunoblotting analysis indi-
cated that IR alone increased pAKT to AKT ratio (PBSþIR),
although coadministration of AURþ IR prevented activation
of AKT pathway. Finally, to determine whether AURþ IR
induces apoptosis, we checked the amount of uncleaved
Caspase-3 protein in all groups (Figure 5(C)), and interest-
ingly, reduced amount of uncleaved Caspase-3 was only
detected in AURþ IR, probably due to its cleavage and sub-
sequent activation.

4. Discussion

Radiotherapeutic modalities are indispensible for manage-
ment of CRC, especially when patients struggle with local
relapse or oligometastases (Hafner and Debus 2016). With
the hope to improve clinical outcomes, use of agents that
could enhance radioresponse of cancer cells while having
nonoverlapping toxicities is an area of evolving interest.
AUR is a natural prenyloxycoumarin with considerable
pharmacological properties, such as chemopreventive and

Figure 3. Effects of various treatments on tumor growth. Representative image of tumor size following different treatments (A). The absolute tumor volumes (B)
and relative tumor volumes (RTV, C) during 10 days post-radiation in six groups. Depiction of TGI in animals receiving PBS, DMSO or AUR followed by IR based on
single use of each agent (D). Calculated TGI in animals receiving AUR and DMSO alone or in combination with IR based on relevant PBS controls (E). ��p< .01, indi-
cates significant difference between groups. The number of animals in different groups were as follows: n¼ 4, n¼ 3 and n¼ 5 in PBS, DMSO and AUR groups,
respectively, and n¼ 6 in each of the PBSþ IR, DMSOþ IR and AURþ IR groups.
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anticancer effects. To expand our previous findings on sensi-
tizing effects of AUR (Saboor-Maleki et al. 2017; Moussavi
et al. 2017, 2018), we innovated an approach against CRC
based on combinatorial use of AUR and IR.

Although several reports have introduced AUR as an
anticancer agent that acts through various mechanisms such
as stimulation of caspase cascade or suppression of mTOR
pathway (Moon et al. 2015; Lee et al. 2017), few studies

Figure 4. Photomicrographs of tumor (A–F), liver (G–L) and spleen (M–R) cross sections in six groups; PBS (A, G and M), DMSO (B, H and N), AUR (C, I and O),
PBSþ IR (D, J and P), DMSOþ IR (E, K and Q) and AURþ IR (F, L and R). Apoptotic cells with vacuolated cytoplasm and condensed nuclei can be observed in tumor
section of AURþ IR group (black arrow).
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have evaluated its effects in combination with other thera-
peutic modalities. In case of chemotherapy, synergy between
AUR and anticancer drugs have been demonstrated in dif-
ferent cancer cell types (Nabekura et al. 2008; Kleiner-
Hancock et al. 2010; Moussavi et al. 2017; Saboor-Maleki
et al. 2017), as well as its improving effects on thermal ther-
apy in colon carcinoma cells (Moussavi et al. 2018).
Viability assessment of cells in present study revealed low
toxicity of 10mg/ml AUR on both normal and cancer cells,
even after 5 days of treatments. Interestingly, when used in
combination with IR, AUR significantly enhanced radiores-
ponse of colon carcinoma cells and this finding was further
confirmed by flow cytometry-based detection of apoptotic
cells. Similarly, we have shown accumulation of a sub-G1

phase population of human colon adenocarcinoma cells after
treatment with nontoxic concentrations of AUR followed by
IR exposure (Moussavi et al. 2017). Since intracellular accu-
mulation and biotransformation of AUR to its main metab-
olite, umbelliferone, occurs in a time dependent manner
in vitro (Murakami et al. 2000), it seems that 24 h pretreat-
ment of cells with AUR, followed by IR and 72 h recovery
was long enough for radiosensitizing effects of AUR to
be observed.

To investigate whether our previous and current in vitro
results can be expanded to animal models, we performed
further experiments in BALB/c mice inoculated with colon
carcinoma cells. Six groups of animals received same volume
(100ml) of PBS, DMSO or AUR for 3 days, and right after-
wards, three groups were exposed to localized IR.
Examination of tumor growth during 10 days follow up indi-
cated significant growth inhibition in AURþ IR group in
comparison with all other animals, and intriguingly, toxic
effects of our combined modality was observed in tumor
samples, but not in spleen and liver tissues.

As reported previously, topical application of AUR
(40 nM/40 days) reduced tumor incidence in mouse skin

through suppression of superoxide generation (Murakami
et al. 1997), and when injected subcutaneously
(100mM/6 days), AUR inhibited progression of renal cell
carcinoma by disrupting VEGF-induced angiogenesis and
reforming energy metabolism (Jang et al. 2015).
Nevertheless, dietary administration of AUR (200mg/kg bw/
4 days) did not effectively suppress tumor volume in xeno-
graft models (Kleiner-Hancock et al. 2010). Herein, i.p.
injection of AUR (100mg/kg bw/3 days) had no significant
effect on tumor volume in comparison with PBS group,
although its effect was comparable with DMSO group.
Precise evaluation of AUR activity in our study requires
considered analysis of DMSO effects, as DMSO alone or in
combination with IR promoted tumor growth rather than
inducing tumor inhibitory effects. Similarly, Jang et al.
reported tumor growth upon intratumoral injection of
DMSO, when compared with AUR received animals (Jang
et al. 2015). Both observations could be explained by the
work of Elisia et al., who indicated inefficiency of DMSO at
reducing tumor growth, since it blocked activation of mouse
macrophages and reduced levels of pro-inflammatory cyto-
kines, IFN-c and G-CSF (Elisia et al. 2016). Clearly, more
research must be done to define other mechanisms involved
in observed effects of DMSO in vivo.

IR is clinically applied as single or multiple fractions.
Despite same efficacy of both approaches, single fraction IR is
more convenient, cost conscious, time efficient and import-
antly, has less acute toxicity (Hartsell et al. 2009; Howell et al.
2013). A number of studies have indicated radiosensitizing
effects of natural compounds in BALB/c mice inoculated with
CT26 cells. For instance, etoposide and caffeic acid phenethyl
ester improved efficacy of fractionated IR in animal models of
colon carcinoma (Chen et al. 2005; Liu et al. 2005). In add-
ition, there are few reports on the role of coumarin derivatives
in radiosensitization of cancer cells including osthole (Peng
et al. 2018), a synthetic isocoumarin derivative (NM-3) and

Figure 5. Expression pattern of Cyclin D1 and CD44 (A and B) and involvement of PI3K-AKT-mTORC pathway and Caspase-3 (C) in observed effects of AURþ IR
treatment. Normalized values were plotted as relative fold-change compared with PBS group (A). ��p< .01 significant difference with PBS group. Cyclin D1 protein
levels were detected with anti-Cyclin D1 antibody and normalized to the amount of c-tubulin (B). Immunoblotting of the total AKT and phosphorylated AKT at pos-
ition of Ser-473 (downstream of mTORC kinase), as well as the amount of uncleaved Caspase-3 (35 kDa) upon treatment with AUR alone or in combination with IR
(C, data are representative of two unrelated experiments). Here, the numbers below blots indicate pAKT/AKT and Caspase 3/gamma-tubulin ratios within individual
groups, �IR and þIR, where these amounts are separately normalized to their control PBS and PBSþIR, respectively. Total AKT and c-tubulin served as controls.
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metronidazole-coumarin conjugates (Salloum et al. 2000;
Bonneau et al. 2013). Present attempt, however, is the first
study demonstrating considerable effects of AUR as a natural
coumarin that enhanced sensitivity of cancer cells to single
fraction IR in vivo.

Molecular analysis revealed, to some extent, the underly-
ing mechanisms of observed effects in vitro and in vivo,
since coadministration of AUR and IR down regulated
Cyclin D1 and CD44, inhibited PI3K-AKT-mTORC signal-
ing pathway and induced apoptosis via Caspase-3.

Agents that enhance IR sensitivity of cancer cells gener-
ally do so by inhibiting progression through cell cycle, DNA
repair mechanisms and/or signaling cascades that regulate
cell survival and apoptosis (Mierzwa et al. 2010).
Meanwhile, inhibitory effects of AUR on cell proliferation
were linked to down regulation of genes involved in cell
cycle control such as Cyclin D1 and E2F1 (Krishnan and
Kleiner-Hancock 2012), and self renewal including CD44
and BMI-1 (Moussavi et al. 2017; Saboor-Maleki et al.
2017). Molecular analysis of treated cells and tumor tissues
in present study revealed significant down regulation of
Cyclin D1, as well as reduced expression of CD44, in
AURþ IR group. Accordingly, improved sensitization of
colon cancer cells to IR by AUR can be partially due to their
arrested cell cycle and inhibited proliferation.

Despite the fact that IR impedes growth of cancer cells
by inducing cytotoxicity, it simultaneously induces a number
of pro-survival and anti-apoptotic signaling pathways, like
those mediated by AKT (Hein et al. 2014). Similar to
another report on IR-induced activity of AKT in human
colon carcinoma cells (Yacoub et al. 2006), our findings
indicated increased AKT activity, as elucidated by pAKT
(Ser-473), upon IR administration. Interestingly, combina-
torial use of AURþ IR prevented phosphorylation of AKT
downstream target, which also confirms reported role for
AUR as an mTOR inhibitor (Moon et al. 2015).

Depending on the dose and tumor cell type, IR induces
intrinsic or extrinsic apoptotic pathways (Maier et al. 2016),
and upon activation of both pathways, Caspase-8 and
Caspase-9 cleave and activate Caspase-3 (McArthur and Kile
2018). Our findings showed reduced amount of uncleaved
Caspase-3 upon AURþ IR treatment that is probably due to
cleavage and activation of this protein. Accordingly, inhib-
ition of PI3K-AKT-mTORC signaling pathway and activa-
tion of Caspase-3 could be other mechanisms that explain
observed effects of AURþ IR approach.

In conclusion, current findings confirm our previous
reports on radiosensitizing effects of AUR. The fact that
AUR improved radioresponse of murine colon carcinoma
cells without toxicity in vivo suggests that it could be used
as a promising adjunct to IR in cancer treatment.
Nevertheless, more investigations are required to adopt AUR
as a standard radiosensitizer in routine clinical practice.
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